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ABSTRACT

POISONING AND SULFATION OF VANADIA SCR CATALYSTS

Xiaoyu Guo
Department of Chemical Engineering
Doctor of Philosophy

Deactivation of titania-supported vanadia commercial SCR catalysts exposed to
flue gases from both coal and coal-biomass co-firing boilers were investigated. BET
surface area and average pore diameter measurements on both fresh and exposed
commercial catalyst samples indicated pore plugging occurred to exposed catalyst
samples. ESEM analyses showed fouling on catalyst surface, and poison deposition
on both catalyst surface and inner pores. Activity assessments of commercial
monolith catalysts with various exposures (time and fuel type) indicated that catalyst
deactivation involves fouling, pore plugging, and poisoning. Different mechanisms
may dominate depending on exposure time, catalyst properties, and combustion
environment.
Better controlled lab-scale investigations involved poisoning and sulfation of
SCR vanadia/titania catalysts synthesized with an incipient impregnation method. In
situ FTIR spectroscopy indicate that K, Na, and Ca (among others materials) reduce,
and sulfation and tungsten increase ammonia adsorption intensity on Brønsted acid

sites. Activity measurements by MS showed K, Na, and Ca poison SCR catalysts, and
sulfation and tungsten enhance SCR NOx reduction activity. Both the decrease and
increase of catalyst activity arise from the decrease and increase of the preexponential factor (A) correspondingly. Moreover, the decrease of NO reduction
activity from each poison are consistent with the IR peak area decrease of ammonia
adsorbed on Brønsted acid site caused by the corresponding poison but not Lewis acid
sites. Therefore, Brønsted acid sites participate more actively in SCR reaction than
Lewis acid sites. However, Brønsted acid sites itself do not possess NOx reduction
activity as indicated by zero NO conversion on 9% W/Ti which shows large amounts
of Brønsted acid sites population. Therefore, dual acid (Brønsted) -redox (vanadia)
sites are suggested to provide the active center during catalytic reduction cycle with
weakly adsorbed or gas phase NOx reacts with surface adsorbed ammonia. In
addition, in situ FTIR spectroscopy combined with XPS analyses indicate that sulfate
does not form on vanadia sites but on titania sites.
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Chapter 1. Introduction
1.1

NOx Definition and Properties
Nitrogen oxides (NOx) are gases that contain varying amounts of nitrogen and

oxygen. Nitrogen oxides form during combustion processes and consist primarily of
nitric oxide (NO) and lesser amounts of nitrogen dioxide (NO2). NOx also develops
naturally. Man-made sources contribute approximately 75% of the total amount of
NOx emitted into the atmosphere. The primary man-made sources of NOx are, as
illustrated in Figure 1.1, motor vehicles, electric utilities, and other industrial,
commercial, residential sources that burn fuels (Lani et al., 2005).

Figure 1.1

U.S. NOx emissions by source category in 2002
(Lani et al., 2005)

1

The U.S. generated approximately 22 million tons of NOx in 2002, which
constitutes 70% of the global contribution (Amores et al., 1997). Among the total U.S.
NOx emissions, fuel combustion sources contributed 37% as shown in Figure 1.1.
Specifically, NOx emission from U.S. coal-fired power plants combined for
approximately 6.7 million tons in 1990, and 4.2 million tons in 2003, representing
about 19% of total U.S. NOx emissions in 2003 (Lani et al., 2005).
NOx plays a role in ground-level ozone and smog formation, acid rain,
ambient air particulate, nitrification of estuaries and other water bodies, global
warming, formation of toxic chemicals in ambient air, and impaired visibility (Busca
et al., 2005; Butler and Nicholson, 2003). These health and environmental concerns,
listed in approximate order of importance, provide motivation for sustained attention
on NOx emissions as a major regulatory issue.

1.2

NOx Formation
NOx forms during the combustion processes through three interrelated

mechanisms: thermal, fuel, and prompt NOx. These are briefly discussed below.

1.2.1

Thermal NOx

Thermal NOx involves high-temperature oxidation of molecular (atmospheric)
nitrogen (Busca et al., 2005; Samaniego et al., 1998), and usually represents about
25% of total combustion-generated NOx (DOE, 1999). Although low-grade fuel
processing such as coal and biomass combustion generally are dominated by other
mechanisms, thermal NOx is commonly less than 5% of the total in such systems
(Glarborg et al., 2003). Oxygen atoms (O) formed at high temperature are the primary
radicals that drive this mechanism.

2

1.2.2

Fuel NOx

Fuel NOx forms when oxidation of fuel nitrogen occurs during combustion
(Busca et al., 2005; DOE, 1999). It contributes up to 75% of total NOx in many
systems but commonly accounts for over 80% of total NOx in low-grade fuel
combustion such as coal or biomass (DOE, 1999). Fuel NOx is distinguished
conceptually from thermal NOx in that the nitrogen atoms come from nitrogencontaining fuel moieties rather than from atmospheric molecular nitrogen.
There are no generally accepted simple mechanisms for fuel NOx formation
even though it generally represents the dominant formation mechanism for nitrogenbearing fuels.

1.2.3

Prompt NOx

Prompt NOx forms when hydrocarbon free radicals, generated in the early stages
of most fuel combustion mechanisms, react with molecular nitrogen to create NOx
(Busca et al., 2005; Fenimore, 1971). The literature does not always distinguish
between reactions with nitrogen-containing hydrocarbon radicals and nitrogen-free
hydrocarbon radicals, but the former mechanism is difficult to distinguish from the
fuel NOx mechanism. This document uses a common but not universal convention in
limiting the prompt NOx mechanism to nitrogen-free hydrocarbon radicals and
considering nitrogen-laden radicals part of the fuel NOx mechanism. That is, fuel NOx
is the only mechanism in the convention used in this document that converts fuelbound nitrogen to NOx – all other mechanisms involving molecular nitrogen. Prompt
NOx contributes less than 5% of total NOx to many low-grade fuel systems such as
coal and biomass (Bartok and Sarofim, 1991).

3

1.3

NOx Regulations
According to the Environment Protection Agency (EPA), the US national

annual NOx emissions from boilers subject to Clean Air Act Title IV regulations
constituted about 4.70 million tons in 2001 (EPA, 2004). The recent (March 10, 2005)
Clean Air Interstate Regulation (CAIR) requires existing power plants to reduce NOx
emissions to 0.125 lb/MM Btu (6.45×10-6 kg/MJ) on an annual basis by the beginning
of 2010, or 1.6 million tons by 2010 and 1.3 million tons by 2015. The last value
represents about a 64% reduction from 2002 levels and well over a 90% reduction
from uncontrolled NOx emissions (DOE, 2005).

1.4

NOx Control Technologies
Many techniques have been developed to reduce NOx emission from fuel

combustion processes in response to increasingly stringent regulations (Busca et al.,
2002). Current NOx control technologies for boilers include: (1) in situ combustion
process modifications including low-NOx burners (LNB), overfire air (OFA), and
reburning; and (2) post-combustion techniques applied to flue gas including selective
non-catalytic reduction (SNCR) and selective catalytic reduction (SCR) (Forzatti et
al., 2002). Table 1.1 shows that in situ combustion modification techniques can
achieve at most 68% NOx reduction, which could not meet the current emission
limits. Therefore, post-combustion technologies must be applied. Among all these
technologies, SCR is the only proven technique capable of reduction efficiencies
(Table 1.1) required by future NOx regulations. It is, therefore, the most common
choice for most power plants.

4

Table 1.1

NOx emission reductions achieved from the various approaches

NOx reduction approach
LNB
LNB and OFA
Reburning system
SNCR
SCR

1.5

NOx reduction efficiency, %
35-45
50-65
29-67
30-50
80-90

Capital cost, $/kW
9-17
13-23
30-60
10-20
60-150

SCR Technology
NH3 selectively reacts with NOx, among other oxygen containing compounds,

over a vanadia-based catalysts in an oxidizing environment. This process generates
innocuous products, molecular nitrogen and water, featuring the unique advantages of
SCR technology (DOE, 2005).
The U.S. Department of Energy (DOE) Clean Coal Technology Demonstration
Program (CCDTP) has confirmed the applicability of SCR technology for U.S. coalfired power plants. Commercialized SCR units are operating successfully in the
United States. By 2007, 200 SCR systems will function on U.S. coal-fired units,
representing about 100,000 MWe of electric power generating capacity or 25% of US
capacity (DOE, 2005).
The most common SCR process for coal-fired power plants in the US is the
high-dust (HD) configuration, in which the SCR catalyst is upstream of the
precipitator or other particle collection devices and processes the heavy dustcontaining flue gas leaving the boiler (Forzatti and Lietti, 1999). Catalysts in the HD
configuration may suffer from deactivation, especially during combustions of lowrank coals and biomass, since these fuels and the associated fly ash contain relatively
high concentration of alkali (mainly sodium and potassium) and alkaline earth
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(mainly calcium) minerals, which contribute to both fouling and possibly chemical
poisoning of catalysts.
Despite many investigations, mechanisms of vanadia/titania catalysis and
deactivation during SCR applications remain uncertain. The consensus opinion
indicates that vanadium catalytic activity correlates with acid site concentration on the
catalyst surface. However, it is not clear which of the two principal types of acid sites
on the catalyst surface, Lewis or Brønsted sites, provides the catalytic properties.
Furthermore, many laboratory investigations of such catalysts used SO2-free gases,
possibly representative of natural gas firing but not coal firing. SCR catalysts for coalfired boilers are exposed to SO2 at moderate to high concentrations, at least partially
sulfate, and actively promote SO2 to SO3 oxidation. Moreover, previous work
indicates that inorganic material from fly ash may cause catalyst fouling, masking,
and poisoning. The relative importance of these mechanisms for different coal and
biomass fly ash streams is unclear. The present work focuses on poisoning of SCR
catalysts by fly ash inorganic material and the effects of SO2 interactions with the
catalysts. The results improve understanding of poisoning, deactivation, and sulfation
that provides new information needed to understand and manage commercial SCR
systems.
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Chapter 2. Literature Review
The literature review below briefly summarizes the background of SCR, and
then discusses current investigations of the effects of SO2 interaction with catalysts
and catalyst deactivation.

2.1

Background of SCR and SCR catalysts

2.1.1

SCR Chemistry

In the SCR process, ammonia, the reductant, is injected into the flue gas to
reduce NOx and form N2 and water at 300-400 ˚C, near atmospheric pressure, with
high selectivity. Two overall stoichiometric reactions of NOx reduced by NH3 are
(Busca et al., 1998):
4NH3 + 4NO + O2 → 4N 2 + 6H 2O

(1)

4NH 3 + 2NO2 + O2 → 3N 2 + 6H 2O

(2)

More water is produced than molecular nitrogen in each of these reactions. NO
is the primary component of NOx emitted from combustion processes, and in hightemperature systems such as pulverized coal (pc) and pc-biomass co-firing, only
enough ammonia is supplied for the first reaction to do the conversion. Janssen and
Den (1987) conducted isotopic labeling experiments with

15

NH3, NO and

18

O2,

confirming that the two atoms in the product N2 are from NH3 and NO separately in
the first reaction.
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Side reactions also occur and produce the highly undesirable products N2O and
SO3, as follows.
4NH 3 + 4NO + 3O2 → 4N 2O + 6H 2O

(3)

SO2 + 1 2 O2 → SO3

(4)

Moreover, when the temperature increases above about 350 °C, NH3 reacts with
oxygen rather than NO to form nitrogen and nitrogen oxides (Busca et al., 1998).
2NH 3 + 3 2 O2 → N 2 + 3H 2O

(5)

2NH 3 + 2O2 → N 2O + 3H 2O

(6)

2NH 3 + 5 2 O2 → 2NO + 3H 2O

(7)

2.1.2

Reaction Kinetics

Reaction kinetics is important in modeling catalyst deactivation. A general
global rate expression (Busca et al., 1998) for the SCR reaction is

−

dNO
α
β
γ
θ
= K CCNO CNH3 CO 2 CH2O
dt

(8)

The reaction order, α with respect to NO is usually 0.5~1.0, depending on reaction
temperature and NH3/NO molar ratio (Busca et al., 1998). Most authors report that
ammonia concentration has no effect on reaction rate, meaning that β ≈ 0 near
stoichiometric conditions, that β ≈ 0.2 when molar NH3/NO ratio is less than unity,
and that β ≈ 1 when the ammonia concentration is low (Wachs et al., 1996). During
industrial vanadia catalysis, where H2O concentration is generally greater than 10
mole %, water negligibly impacts the kinetics, although there are reports of inhibiting
effects of water (Wachs et al., 1996). Under practical conditions, oxygen is in large
excess relative to both NO and NH3; therefore γ is usually taken as zero. In general,
the kinetics of SCR reactions can be modeled with a simple rate expression
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−

dNO
= K CCNO
dt

(9)

where the reaction rate is first order in NO and zero order in ammonia, water, and
oxygen.

2.1.3

V2O5—WO3 (MoO3) /TiO2 Catalyst

Vanadia catalytic activity in reducing NO was discovered in the 1960s, and its
high activity when supported on TiO2 was recognized in the 1970s (Forzatti, 2001).
The original shapes for vanadia catalysts were pellets or spheres. Current technologies
use honeycomb monoliths, plates and coated metal monoliths because of lower
pressure drop, higher geometric surface area, attrition resistance, and low plugging
tendency from fly ash relative to the other options (Forzatii and Lietti, 1996).
However, vanadia also catalyzes SO2 oxidation to SO3, the latter being a pollutant,
highly corrosive to downstream equipments, and a potential deactivation agent.
TiO2, unlike Al2O3, only weakly and reversibly sulfates under SCR conditions.
Also, TiO2 promotion of vanadia catalytic activity makes titania a preferred support in
comparison to other materials such as Al2O3 and ZrO2 (Forzatti and Lietti, 1999).
Tungsten or molybdenum, commonly added to SCR catalysts in quantities
significantly higher than vanadium (9 to 1 molar ratios are common), generates new
acid sites and hence activity, increases catalyst thermal stability, and suppresses SO2
oxidation (Chen and Yang, 1992; Choung et al., 2006; Djerad et al., 2004; Forzatti,
2001; Li et al., 2005). In addition, tungsten widens the temperature window of SCR
and increases catalyst resistance to poisons (Chen and Yang, 1992). Molybdenum also
decreases poisoning by arsenic in the flue gas (Forzatti, 2001).
Typically, commercial V2O5-WO3/TiO2 catalysts achieve NOx reduction
efficiencies of 80 - 90%, with an ammonia slip (excess ammonia in the flue gas) of 1-
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5 ppm and SO2 conversion to SO3 lower than 1-2%. Therefore, commercial vanadia
catalysts usually contain ~1% vanadia and ~9% tungsten/molybdenum (molar basis)
on a titanium (anatase) substrate. The operating temperature for V2O5-WO3/TiO2
catalysis varies from 550 K to 700 K. In some coal- and biomass-fired power plant
applications, deactivation is a major problem for vanadia catalysts.

2.1.4

Surface Analysis of Vanadia Catalysts

Vanadia catalyst surface chemistry provides critical information regarding SCR
reaction and deactivation mechanisms. The current project focuses on further
developing this understanding through surface analysis and identification of surface
components and structures.

2.1.4.1

Surface Structure of Vanadia/Titania

Vanadia species exist on catalysts (prepared by impregnating a vanadia
precursor on titania) in three phases: isolated monomeric vanadyl (V=O) species,
polymeric vanadate species (polymeric chain of isolated vanadyl species), and
crystalline vanadia V2O5 (Lietti and Forzatti, 1994; Wachs, 2005). Went et al. (1992b)
proposed structures of monomeric and polymeric vanadia species based on Raman
and NMR investigations as shown in Figure 2.1.

Monomeric
Vanadyl

Polymeric Vanadates

O
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V
O
O

O

O
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O
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O
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O
O

O
O

O
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V
O

O

O

O

O

O
O

V
O
O

TiO 2 (Anatase)

Figure 2.1

Schematic depicting structure of the monomeric vanadyl and
polymeric vanadate species on anatase TiO2
(Went et al., 1992b)
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At monolayer coverage (the maximum amount of amorphous or twodimensional vanadia in contact with the oxide support (Reddy et al., 1999; Wachs and
Weckhuysen, 1997)), both monomeric vanadyl and polymeric vanadate species
appear on the catalyst surface. On lightly loaded, e.g. 1.3 vanadia wt% catalyst
surfaces, monomeric vanadyl species dominate (Topsøe et al., 1995; Went et al.,
1992a; Went et al., 1992c). Monomeric vanadyl species can transform to polymeric
vanadate species with increasing vanadia content (up to 6 wt% (Amiridis et al., 1996;
Wachs, 1997; Wachs et al., 1996)) by breaking M-O bonds in M-O-V structures to
form V-O-V bonds (Dunn et al., 1998b; Wachs, 2005). Crystalline vanadia species
form from polymeric vanadate species only when the loading exceeds the monolayer
capacity of about 6 wt% (Dunn et al., 1998b; Wachs, 2005; Went et al., 1992a; Went
et al., 1992b).

2.1.4.2

Active Site Identification

2.1.4.2.1

Active site investigation based on structures

Polyvanadate sites reportedly have higher SCR activity than monomeric vanadyl
sites without specific designation of the active site structure (Lietti and Forzatti, 1994;
Lietti et al., 1998; Went et al., 1992c). On the other hand, the group involving V-Osupport is proposed as a possible active center (Wachs, 1997; Wachs and
Weckhuysen, 1997). Crystalline V2O5 oxidizes NH3 at high temperatures (Choo et al.,
2000; Ozkan et al., 1994). A dual-site mechanism involving a surface vanadia redox
site and an adjacent acidic surface non-reducible metal oxide site has been suggested
as well (Topsøe et al., 1995; Wachs et al., 1996). Therefore, vanadia species with
different structures may act as active centers.
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2.1.4.2.2

Active sites investigation based acid sites

Both Lewis and Brønsted acid sites exist on vanadia/titania catalyst surfaces.
The V-OH bond appears as a Brønsted acid site (Topsøe et al., 1995), while the V=O
bond forms a Lewis acid site that can convert to V-OH by water adsorption (Busca et
al., 1998). But the exact location of the surface Brønsted acid sites is not clear at
present (Wachs and Weckhuysen, 1997). Therefore, monomeric vanadyl and
polymeric vanadate species (Figure 2.1) could provide both Lewis and Brønsted acid
sites. No acidity assignment for the V-O-site appears in the literature thus far. Both
Brønsted acid sites (Chen and Yang, 1990; Topsøe et al., 1995) and Lewis acid sites
(Centeno et al., 2001; Lietti et al., 1998; Went et al., 1992c) reportedly form active
centers for SCR catalysis. Convincing evidence supports each argument, as will be
discussed later in the reaction mechanism section.
There is no consensus regarding the identity of the active sites on vanadiumbased SCR catalysts in the context of either vanadia surface structures or the acid
sites. The NH3, NO, and NH3/NO surface adsorption and spectroscopy investigations
reported as part of this investigation may resolve some of the confusion on this issue.
Related literature is summarized here.

2.1.4.3

NH3 Adsorption

NH3, the NOx reductant in SCR reactions, adsorbs on both titania and vanadia
catalysts as observed by Fourier-transform infrared (FTIR) spectroscopy, laser Raman
spectroscopy (LRS), temperature-programmed desorption (TPD), and transient
response investigations.
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FTIR and Raman investigations
The following list summarizes generally accepted results:
1. Ammonia adsorbs on both support titania and vanadia/titania catalysts at room
temperature, with major associated adsorption bands on Brønsted acid sites at
1430 and 1670 cm-1, and on Lewis acid sites at 1220 and 1605 cm-1 (Chen and
Yang, 1990; Ozkan et al., 1995; Topsøe et al., 1995; Went et al., 1992b).
2. Pure titania possesses only Lewis acid sites (Amiridis et al., 1996; Topsøe et
al., 1995; Wachs et al., 1996; Yang et al., 1998).
3. Vanadia/titania catalysts provide both Lewis and Brønsted acid sites; vanadia
species introduce Brønsted acid sites on the catalyst surface (Topsøe et al.,
1995).
4. Sulfate species enhance Lewis acid sites on pure titania, introduce Brønsted
acid sites onto the sulfated titania surface (Yang et al., 1998), and may
enhance the number and strength of acid sites on vanadia catalyst surfaces
(Khodayari and Odenbrand, 2001a).
5. Ammonia adsorbs on Lewis acid sites as coordinated ammonia and on
Brønsted acid sites as protonated ammonia. NH3 adsorption is stronger on
Lewis acid sites than on Brønsted acid sites (Topsøe et al., 1995).
6. NH3 desorbs from SCR surfaces with increasing temperature and is practically
removed above 300 ˚C (Topsøe, 1991).
7. Poisons (Li2O, Na2O, K2O) interact primarily with Brønsted acid sites (Chen
and Yang, 1990).
The following issues remain controversial and require further investigation:
1. Whether sulfation of the surface increases the number of acid sites or
strengthens the acidity of existing sites on SCR catalysts (Chen and Yang,
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1990; Khodayari and Odenbrand, 2001a; Yang et al., 1998). FTIR-monitored
ammonia adsorption on sulfated and non-sulfated catalyst surface may resolve
this issue.
2. Whether Lewis or Brønsted acid sites actively participate in SCR reactions.
3. Whether vanadia, titania, or other surface species, provide Brønsted acid sites
4. How tungsten affects ammonia adsorption on vanadia catalysts.

2.1.4.4

NO Adsorption

The following are generally accepted results from FTIR spectroscopy analyses
of NO adsorption:
1. NO adsorption occurs on both non-sulfated (Ozkan et al., 1994; Ramis et al.,
1990; Yang et al., 1998) and sulfated titania (Yang et al., 1998), and on
reduced vanadia catalysts at room temperature (Hadjiivanov, 2000; Topsøe,
1991).
2. NO adsorption does not occur on fully oxidized or NH3 pre-adsorbed vanadia
catalyst (Hadjiivanov, 2000; Topsøe, 1991).
3. Vanadium atoms with low oxidation states and Ti-OH sites are possible
adsorption centers for NO (Hadjiivanov, 2000; Topsøe, 1991).
4. NO adsorbs more reversibly on sulfated TiO2 compared to bare TiO2 (Yang et
al., 1998).
The following issues have not been investigated:
1. The effect of vanadia content on NO adsorption.
2. The effect of tungsten content on NO adsorption.
3. The effect of alkali and alkaline earth metals on NO adsorption.
4. The effect of sulfate on NO adsorption on vanadia catalysts.
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In summary, ammonia and NO adsorption on tungsten-, sulfur- and poison-free
titania and vanadia catalysts has been well studied, whereas investigations regarding
the effects of tungsten, sulfate, and poisons on ammonia and NO adsorption are
inconclusive. This work affirms established views of non-sulfated, non-poisoned
catalysts while providing new information regarding the effects of tungsten, sulfate,
and poisons on ammonia and NO adsorption.

2.1.4.5

NH3 and NO Coadsorption

Several investigations reported NH3 and NO coadsorption and indicated
positions and structures of the active center, as well as the intermediate species.
The following are primary observations regarding NO and NH3 coadsorption.
1. An Eley-Rideal mechanism reasonably represents the SCR reaction involving
a strongly adsorbed NH3 and a gas-phase or weakly adsorbed NO (Lietti et al.,
1998).
2. Lietti et al. observed that coordinated adsorbed ammonia is preferentially
consumed over protonated NH4+ during NO and NH3 coadsorption/reaction
(Lietti et al., 1998).
3. Centeno et al. found V=O has a redox property, and suggested a redox
mechanism with V=O, a Lewis acid site, as the active center for the SCR
reaction (Centeno et al., 2001).
4. Topsøe et al. observed that both V-OH and V=O play an important role in the
SCR catalytic cycle, and Brønsted acid site concentration directly correlates to
NO conversion for a range of vanadia concentrations (0-6 wt %) (Topsøe et
al., 1995). However, Topsøe’s approach only measured protonated ammonia
IR bands, not the coordinately-adsorbed ammonia bands which occur at 1300
cm-1 as reported by (Lietti et al., 1998).
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Thus, IR investigations indicate that both Lewis and Brønsted acid sites may be
active centers. Disagreements regarding the properties of active sites may arise from
different sample preparations and materials applied, as well as different IR regions
investigated. The effects of surface sulfate and alkali and alkaline earth metals on NH3
and NO coadsorption behavior on titania and vanadia/titania acid site concentrations
are not documented. The experiments reported in this investigation substantially
clarify the roles of different acid sites using state-of-the-art, in situ investigation
techniques under pristine, sulfated, and partially poisoned conditions.

2.1.5

Proposed Reaction Mechanism

Different mechanisms appear in the literature generally agree that SCR reactions
involve: (1) the acidic active sites; (2) a redox reaction; (3) an Eley-Rideal type
reaction mechanism with NH3 as the adsorbed species and NO as the gas-phase or
weakly adsorbed species; and (4) vanadia sites as active centers.
Disagreements include: (1) the nature of the acid sites – Lewis or Brønsted
acids; and (2) the number of vanadia atoms involved – single or multiple atoms with
reaction either on the vanadia or at the interface/terminal vanadia atom. Table 2.1 lists
active sites and intermediates.
The DeNOx catalytic cycle suggested by Topsøe based on in situ FTIR
combined with on-line mass spectrometry investigations (Figure 2.2) is among the
most accepted pathways for SCR catalysis (Topsøe et al., 1995). In this mechanism,
NH3 first adsorbs on V-OH, the Brønsted acid site, and acts in conjunction with an
oxidation-state shift of the V=O site (+4 to +5) to reduce gas-phase NO.
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Table 2.1

Proposed reactant species, intermediates and active sites in different
mechanisms from Busca
(Busca et al., 1998)

Reactant species
From NH3

From NO

NH4+

O-N-O
׀

NH4+

NO gas

O-NH2
׀
V

Intermediate

Catalyst

Supposed active
site

Reference

V2O5

Takagi et al.

V2O5

O
OH
׀׀
׀
-O-V-O-V-O

Inomata et al.

NO gas

V2O5/supp

O O
׀׀
׀׀
O-V-O-V-O

Janssen et al.

NH4+

NO gas

V2O5

OH
׀
V + V-O-V

Gasior et al.

NH2
׀
V

NO gas

V2O5/TiO2

O
׀׀
V

Ramis et al.

NH3ads
NH2

N2Oads
adsorbed NO

O H3N+ HO
׀
׀
V
V

H-bonded complex

NH2NO
׀
V

V2O5/supp
V2O5/TiO2

NO gas

O- +H3N-N=O HO
׀
׀
V
V

V2O5/TiO2

NH4+

O-NO2
׀
V4+

NH4NO2

V2O5/TiO2

NH4+

NO3-

V2O5/ZrO2

Lewis sites
O
׀׀
-V-

Maragonzis et al.
Went et al.

HO
׀
- VO
׀׀
V 5+

Topsøe et al.

Kantcheva et al.
Indovina et al.

Figure 2.2 SCR reaction scheme over vanadia/titania catalyst by Topsøe et al.
(Topsøe et al., 1995).
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Figure 2.3 Mechanism of the NO-NH3 reaction on supported vanadium oxide
catalyst proposed by Ramis et al.
(Lietti et al., 1998).

Another mechanism scheme proposed by Ramis et al. (Figure 2.3) involves
Lewis acid sites act as the active centers (Busca et al., 1998). Ammonia first adsorbs
on V=O sites by interacting with V instead of O in the V=O bond. Gas-phase NO
reacts with adsorbed ammonia on V=O sites and produces N2 and H2O. Gas-phase
oxygen then oxidizes the V=O site, preparing the site for another cycle of SCR
reaction.
Both mechanisms involve an acid site and redoxidation of vanadia sites during
the catalytic cycle. Topsøe’s mechanism involves two active sites, with Brønsted acid
sites as the active center, while Ramis’s mechanism involves a single active site
(V=O), which is a Lewis acid. Neither mechanism clarifies the role of the V-Osupport during the SCR reaction, which has been suggested as the active center by
Wachs et al. (1996). Therefore, there is no general agreement about the identity of the
active center either from a structural perspective – whether V=O, V-OH, or V-O-
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support or some combination represents the active center – or from the acidity
perspective – whether Lewis or Brønsted acid sites provide the active center.
Furthermore, most surface investigations involve non-tungsten containing and
non-sulfated surfaces. Tungsten comprises approximately 9 wt% of most commercial
vanadia SCR catalysts for coal-fired plants. Moreover, vanadia catalysts used in coal
applications function in SO2-laden gas. Thus, tungsten and sulfation likely influence
surface reactions, activity, and poisoning.

2.2

Interactions with Sulfur Dioxide
SO2 represents a major gas species in the flue gas of all coal-fired power

stations. Uncontrolled SO2 emissions in coal-based power plants typically include
about 80% of the total fuel sulfur content, which varies greatly among coal types. The
remaining approximately 20% forms sulfates with the fly ash and is removed in solid
form. Sulfur dioxide appears in high concentrations in power plant effluents and may
play a significant role in the SCR reactions. For example, it can increase SCR catalyst
activity by increasing the number and strength of Brønsted acid sites (Khodayari and
Odenbrand, 2001a). On the other hand, sulfur trioxide, formed by SO2 oxidation
catalyzed by the same vanadia catalysts, reacts with ammonia to form ammonium
sulfate (white) and ammonium bisulfate (black and tar like, highly corrosive) at
temperatures lower than typical SCR reactions. Moreover, SO2 and SO3 react with
available alkali and alkaline-earth compounds in the flue gas to produce sulfates.
These products introduce potentially serious deactivation– and corrosion–related
problems for both the catalyst and other equipment.
Chen and Yang (1993) and Choo et al. (2000) indicate that the sulfate species on
titania is probably SO4-2, since the observed peak in XPS spectra locates at 168.5 eV,

19

which is typical of S+6. TPD analyses show that sulfate species start to decompose
thermally at about 800 K and completely dissociate around 1073 K on both titania and
vanadia catalysts (Choo et al., 2000; Lietti et al., 1998). In addition, Yang et al. (1998)
propose two types of sulfate on the titania surface: bridge bidentate and chelating
bidentate SO4-2, with bridged bidentate as the most prevalent form.
However, there is no general agreement about the site where sulfates form on
vanadia catalysts. Orsenigo et al. (1998) compared catalyst conditioning between NOx
reduction and SO2 oxidation and suggested that sulfation occurs first at vanadia sites,
then on titania and tungsten sites without providing data to verify this hypothesis.
Choo et al. (2000) concluded from FTIR spectroscopy analyses that both vanadia and
sulfate species compete for hydroxyl group sites on the catalyst surface. FTIR spectra
from Amiridis et al. (1996) show that the concentration of surface sulfate species
(centered at 1373 cm-1) decreases with increasing vanadia coverage on catalysts
supported on TiO2, ZrO2, or Al2O3.
To date, only a few investigations of sulfation have been conducted and no in
situ investigations appear in the literature. The sulfation mechanism on the
vanadia/titania surface is still uncertain. More importantly for practical systems and
for this dissertation, the effects of surface sulfates on catalyst BET surface area, NO
adsorption-desorption, and catalytic activity do not appear in the literature. The effect
of sulfate on catalyst deactivation by alkali and alkaline earth compounds is still under
debate. Investigations of the sulfate effect on vanadia catalyst performance could
provide additional critical information on the SCR reaction and deactivation
mechanisms.
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2.3

Deactivation of Vanadia Catalysts
Catalyst deactivation is an aging process, i.e. a function of time. It is a potential

problem for vanadia catalysts applied in SCR units with HD configuration for coalfired and biomass-coal co-firing boilers. The typical design lifetime of vanadia
catalyst for coal-fired power plants is 3-5 years (Beretta et al., 1998; Forzatti et al.,
2002; Zheng et al., 2004). Some existing anecdotal evidence indicates that catalysts
may deactivate 3-4 times faster in low-rank-coal-fired and biomass-coal-cofired
boilers (Khodayari and Odenbrand, 2001a). The mechanisms for deactivation are
complex, and include fouling (surface deposition), pore condensation and/or blocking,
poisoning, and thermal sintering, among others. Changes in system performance also
occur because of monolith channel plugging by large ash particles called “popcorn
ash”. Popcorn ash plugging of catalyst passages differs from the remaining
mechanisms in that it generally involves no local changes in catalyst properties but
rather system changes in flow patterns, although it creates the same observable
changes in system behavior (a reduction in NOx conversion, etc.).
Deactivation mechanisms are functions of the nature and quantity of inorganic
material in the coal, including compounds containing sodium, potassium, calcium,
arsenic, and others. The degree of deactivation is more pronounced with low-rank
fuels such as lignite and subbituminous coals, which generally contain larger amounts
of reactive alkali and alkaline-earth material. For a given situation, one or more of
these mechanisms may be involved. For instance, sintering and rutilization (rutile
formation) of titania after long-term operation is one of the major deactivation
mechanisms during natural gas firing, while poisoning of the catalyst active sites by
alkali metals is significant in oil firing (Pritchard et al.). In the case of coal firing and
bio-fuel applications, plugging, fouling and poisoning are principal deactivation
21

mechanisms. Table 2.2 summarizes major deactivation mechanisms for different
fuels.
Table 2.3 identifies some of the major differences between commercially
important coals and biomass in the US. The great majority of SCR experience is with
bituminous coals. These fuels pose the fewest deactivation risks to vanadium-based
catalysts. Figure 2.4 illustrates several general mechanisms of poisoning, fouling, and
plugging for mainly high dust applications.

Table 2.2 Deactivation mechanism related to fuel types
Fuel type

Main deactivation
mechanism

Deactivation substance

Coal

Fouling

Sub-micron ash particle

Biomass

Poisoning

Soluble Alkali(K) compounds

Oil

Poisoning

Soluble Alkali (K, Na) compounds

Gas

Sintering

Waste incineration

Poisoning

Lead compounds

Table 2.3 Composition differences among different coals in US
Constituent

Bituminous
coal

Subbituminous
(including PRB) coal

Biomass

Sulfur

High

Intermediate

Low

Arsenic

High

Intermediate

Varies (generally low)

Reactive Alkali
Compounds

Low

High, especially Na

High, especially K.

Reactive Alkaline
Earth Compounds

Low

High, especially Ca

Intermediate,
generally Ca
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Figure 2.4

2.3.1

Overview of general mechanism which could contribute to SCR
catalyst deactivation

Fouling and Masking

Physically blocking the path to the active sites involves two deactivation
mechanisms: fouling and masking. Fouling (Figure 2.4) occurs when fine species
physically (mechanically) deposit onto catalyst surfaces causing pore plugging or
active site coverage. Masking involves formation of a layer of coating on the external
surface of a catalyst particle without apparent penetration of particles into the catalyst
interior. Functionally, only small particles, those with diameters comparable to the
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pore size or smaller, can cause fouling whereas particles of all sizes participate in
masking. Fouling and masking may prevent reactant NOx and ammonia from reaching
active catalyst sites. Free CaO particles on the surface may react with SO3/SO2 in the
gas to form CaSO4 layers of low porosity that mask the catalyst surface, and prevent
access of reactants to the pores. Masking by CaSO4 is especially significant in boilers
burning Powder River Basin (PRB) coals, since PRB coals have almost 3 times more
free CaO than US bituminous coals (Siemens, 2000). In addition, fly ash
accumulation on surfaces (fouling or masking), even in the absence of chemical
reactions, may present physical barriers to gas reactions inside catalyst pores.

2.3.2

Plugging

2.3.2.1

Pore Plugging

Pore plugging caused by ammonia salts and fine fly ash particles represents a
third potential mechanism. Ammonia salts refers to ammonium sulfate and bisulfate,
which are small (< 10µm (Franklin, 1996)) sticky particles that cause major plugging
problems in the air heater and on the catalyst surface. Small fly ash particles might
lodge in the large pores on the catalyst surface, blocking the entrance to the pores.

2.3.2.2

Channel Plugging

Possibly the single most significant cause of poor SCR catalyst performance is
channel plugging, that is, plugging of monolith channels by rogue large particles
called popcorn ash. This completely mechanical mechanism is difficult to distinguish
from surface fouling or chemical deactivation based on commonly available field
measurements. However, channel plugging leads to larger increases in pressure drop
than any of the other mechanisms. While this mechanism substantially affects SCR
performance, its prevention is largely a matter of more effectively separating large fly
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ash particles from the gases prior to their entrance into the SCR reactor, and there is
little chemistry- or reaction-related research needed for this activity.

2.3.3

Poisoning

Poisoning involves either strong chemisorption or chemical reaction of
reactants, products or impurities on active sites resulting in reduction of site reactivity.
Poisoning of vanadia SCR catalysts can be caused by arsenic, lead, hydrochloric acid
(HCl), alkali-metal-containing compounds, and alkaline-earth-containing compounds.

2.3.3.1

Arsenic

Arsenic in coal may vaporize into arsenic oxides (generally As (III)) which
nucleate to submicron particles that penetrate the catalyst fine structure and react with
vanadia to form stable vanadia-arsenate compounds. Thus, poisoning by arsenic is
irreversible. Arsenic concentration in the flue gas is usually low. It is most significant
in wet-bottom (high-temperature slagging) boilers where arsenic is built up through
flue-gas recirculation (Chen et al., 1990).

2.3.3.2

Lead

Lead poisoning is significant in waste incineration applications (Khodayari and
Odenbrand, 1998; Stuart and Kosson, 1994; Tokarz, 1991). Lead is preferentially
deposited on the fly ash by either volatilization or entrainment in three forms:
elemental lead, lead oxide, and lead chloride (Lin and Biswas, 1994; Stuart and
Kosson, 1994). Catalyst poisoning is more likely due to chemisorption of lead onto
the active sites, instead of pore blocking, because of little change of catalyst BET
surface area and pore volume before and after lead addition (Stuart and Kosson,
1994).
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2.3.3.3

HCl

HCl deactivates vanadia catalyst by either forming NH4Cl, which consumes
ammonia and blocks the active surface area, or reacting with vanadate to form volatile
VCl4 and VCl2 (Chen et al., 1990; Lisi et al., 2004).

2.3.3.4

Alkali and Alkaline-earth Metals

Water-soluble or ion exchangeable alkali- and alkaline-earth-containing
compounds, especially K and Na, react directly with active sites which are acid sites,
resulting in acidity neutralization and subsequent deactivation. This is a major
deactivation problem in oil-fired applications (Pritchard et al.), and potentially
constitute catalyst deactivation in low-rank coal firing and coal-biomass co-firing
boilers.
Chen et al. (1990) performed a thorough investigation on the poisoning
mechanism of alkali- and alkaline-earth-containing oxides by impregnating vanadia
catalyst with poison precursors, and found that the deactivation directly relates to the
basicity of metals, as shown in Figure 2.5. The strength of the poison oxide is as
follows: Cs2O > Rb2O > K2O > PbO > Na2O > LiO > CaO > P2O5.
However, impregnating poisons on the vanadia catalyst surface does not
represent the actual situation when poisoning occurs. Specifically because: (1)
chemical compounds: alkali metals appear as chloride or sulfate compounds instead
of metal oxides in the flue gas (Moradi et al., 2003; Zheng et al., 2005); (2)
transformation: the penetration mechanism of alkali metal compounds into the
catalyst pore systems remains unclear: whether by moisture condensing or by aerosol
penetration (Zheng et al., 2005).
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Figure 2.5

Activities of 5% V2O5/TiO2 doped with different amount of metal
oxide poisons

M=metal, 300 ºC, O2= 2%, NO=NH3=1000 ppm, N2= balance, GHSV=15000hr-1

(Chen and Yang, 1990)

Moreover, alkali metal compounds may also deactivate SCR vanadia catalysts
by fouling/masking besides poisoning, since alkali-containing compounds exit as
sticky alkali salts in fly ash, which could foul or mask catalyst surface; and in aerosol
(particle, liquid or gas), which could diffuse into the catalyst pores with the unclear
mechanism.
Additional issues regarding alkali metal compounds effects includes (1)
interacting acid site location: IR spectroscopy results show alkali metals occupy
Brønsted acid sites (weaker acid sites), while temperature programmed desorption
(TPD) results show alkali metals first occupy strong acid sites (Lewis acid sites).
Reports indicate that Lewis acid sites are stronger than Brønsted acid sites on vanadia
catalyst surface (Srnak et al., 1992; Topsøe and T.Z. Srnak, 1992; Topsøe et al., 1995;
Went et al., 1992b); (2) Transformations: whether fouling/masking and poisoning
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caused by alkali metal compounds could reduce catalyst BET surface area, pore
volume, and average pore diameter. Investigators generally agree that poisoning by
alkali metals does not change the underlying reaction mechanism so much as its rate.
In situ and post fly ash property characterization are critical to resolve these issues.
A great deal of the evidence for chemical poisoning of SCR catalysts is either
anecdotal or contained within proprietary company reports. The quantity and quality
of accessible information are not well defined, resulting in a weak case for chemical
deactivation despite relatively widespread suspicion that poisoning is a significant
deactivation

mechanism.

This

investigation

provides

scientifically

credible

information on poisoning in systems of commercial interest.

2.3.4

Physical Damage

Deactivation also occurs via catalyst erosion by abrasive fly ash. The catalyst is
sensitive to the flue gas constituents, which are determined by the fuel properties
(main and trace elements) and method of firing. When system design, catalyst
durability, and catalyst edge hardening are suitably addressed, erosion is not a
significant deactivation factor (Pritchard et al.).
In sum, pore plugging by ammonia sulfate and poisoning by arsenic may be the
main deactivation mechanisms for bituminous coals. Since strict SO2 emission limits
have led to an increase in the number of US utilities burning subbituminous coals,
poisoning by alkali and alkaline earth metals and masking by calcium sulfate may be
more important for subbituminous (PRB) coals and biomass. Thus, understanding
poisoning mechanisms by alkali- and alkaline-earth-containing compounds could
become a critical issue in vanadia/titania catalysts for SCR applications in coal and
biomass combustion.
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2.4

Summary of Previous Work and Current
State of Knowledge
Surface vanadia species are the active sites with several suggested structures,

with no general agreements on the active structures and the role of acidity. The SCR
reaction is a redox reaction following an Eley-Rideal mechanism that involves
reaction of adsorbed ammonia and gas phase NO. Literature documented wellestablished investigations for ammonia adsorption on vanadia catalysts with varying
vanadia, sulfur, and poison contents, but not for nitric oxide adsorption, which assists
interpreting SCR reaction mechanism. In addition, no consensus on sites exists about
the source of Brønsted acid sites, which possibly provide the active site.
Since most catalyst compounds form stable sulfates, SO2 in the flue gas
potentially changes the chemical composition of both the active and inactive surface
sites and measurably increases specific activity. However, no convincing evidence
indicates the site which sulfur interacts with or the mechanism of activity
enhancement by the sulfur species.
Alkali- and alkaline-earth-containing compounds can potentially deactivate SCR
catalysts by fouling and chemical poisoning. Current available investigations
outlining the variations of vanadia catalyst surface chemistry and reaction kinetics
caused by addition of alkali and alkaline earth metals do not provide definitive data.
Especially in the areas of NH3 and NO adsorption/desorption, SO2 effect on catalyst
activity and mechanisms, poisoning (mechanism and extent) for commercially
significant catalyst formulations (containing molybdenum or tungsten), and poisoning
impact in SO2-laden environments. This represents a knowledge gap with respect to
SCR reaction mechanisms and rates relevant to coal and biomass combustion
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conditions, with a particular emphasis on the role of sulfur, alkali metals, and alkaline
earth metals on catalyst activity and deactivation.
The current boundaries of established knowledge with respect to SCR
application in coal-based systems appear conceptually in Figure 2.6 in several areas of
relevance to this proposed body of work. The ordinate represents increasing
knowledge while the abscissa represents various aspects of SCR reactions, with those
most closely related arranged next to each other. The bottom row represents the status
of current investigations, and the envelope illustrates how this proposed work
contributes to the ultimate goal of developing enough information about SCR
processes to make fundamentally based performance predictions in complex practical
applications such as coal and biomass combustion systems.

Increasing Knowledge

SCR fundamental understanding sufficient for practical applications

Quantitative &
Qualitative
understanding
of SO2 impacts Further
on activity and quantitative
and qualitative
mechanism
investigations
Qualitative
understanding
of SO2 impacts
on activity and
mechanism

Figure 2.6

Global kinetics
equations and
model w/o SO2
and poisons

Global
Impacts of
kinetics
intimately
model
contacting
poisons on
activity

Global
kinetic
equations
w/o SO2

Lab analysis of
slipstream & field
data w/ both phys. &
chem. impacts
Slipstream & field
data w/ both phys. &
chem. impacts

Overview of SCR research field and Xiaoyu’s contribution (within the envelope)
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Chapter 3. Objectives
The objectives of this investigation were:
1. To investigate the impacts of low-rank coal and coal-biomass co-firing on
SCR activity under conditions representative of commercial-scale systems, by
a. Examining commercially exposed and laboratory-prepared SCR
catalyst samples.
b. Determining the impact of fuel-ash-derived components on catalyst
activity.
2. To determine the impact of sulfation on SCR performance, by
a. Clarifying which catalyst sites sulfate in SO2-laden flows
b. Determining the impact of sulfation and the presence of alkali metals
on catalyst acidity, adsorbtivity, and activity.
3. To determine the impact of poisoning by alkali and alkaline earth metals on
SCR performance, by
a. Examining activities of both industrial catalysts exposed to typical flue
gases and laboratory-prepared samples
b. Determining the extent to which laboratory experiments simulate field
behavior.
This objective was subjected to several major limitations in scope.
1. This work focuses on chemical poisoning deactivation. Deactivation by
fouling, pore plugging, or other non-kinetic mechanisms may be important,
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and this investigation will outline their roles where possible, but this work
focuses on chemical deactivation (poisoning).
2. All experiments occurred in laboratory-scale reactors, although some
investigations used samples collected from field exposure of catalysts in
commercial combustion environments.
3. The primary instrument used for this investigation was an in situ FTIR
(Fourier transform infrared) spectroscopy reactor system coupled with a mass
spectrometer and supplemented by BET surface area analyses. Ex situ
analyses, including XPS surface analyses and ESEM (Environmental scanning
electron microscopy) analyses supplemented the in situ techniques. The
investigation was limited to conclusions based on this instrumentation and did
not include, for example, UV-vis spectroscopy, Raman spectroscopy, or other
techniques that have been used to advantage in other investigations.
Additional monolith characterization from a slipstream reactor in a purposebuilt laboratory system was included, though the construction of both the
slipstream reactor and the laboratory system and some of the analysis were
done by others.
4. The in situ investigations involved only wafers made from laboratory-prepared
catalyst powder and did not involve commercial catalysts.
A series of tasks and the associated equipment designed to accomplish these
objectives appear in the following chapter.
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Chapter 4. Experimental Apparatus and
Procedures
4.1

Sample Information
Two categories of catalysts were examined: (1) commercial monolith and plate

catalysts to provide industrial experience; and (2) lab-prepared powder catalysts to
indicate how laboratory data simulate industrial experience.

4.1.1

Commercial catalyst samples

Six commercial SCR catalysts (5 vendor supplied and 1 BYU prepared) were
exposed to up to 3800 - hour in coal and biomass-coal effluent streams from utility
boilers in the same slipstream reactor designed and built in a collaboration of
Reaction Engineering International and the University of Utah, both in Salt Lake City,
UT. Detail description of the SCR slipstream reactor appear in Appendix A. Coal
combustion tests were performed with a blend of 13% of eastern bituminous coal and
87% subbituminous PRB coal. Co-firing tests were performed with a blend of 95%
Alabama bituminous coal and 5% sawdust. This slipstream reactor provided samples
from commercial environments for the present investigation. Examination of the
exposed commercial catalysts in a lab-scale monolith reactor provided activity data,
while surface characterization provided a measure of catalyst deactivation under
industrial circumstances. Results of two monolith samples (M1 and M2) appear in this
document to demonstrate relevance to commercial conditions and to interpret catalyst
deactivation mechanisms. By agreement with the catalyst suppliers, no more specific
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identification of the catalyst beyond these designations appears anywhere in this
research. Detailed monolith sample information appears in Appendix B. Appendix C
describes the lab-scale monolith reactor.

4.1.2

Lab-prepared catalyst samples

Lab-prepared samples include fresh, sulfated, and poison-doped powder
catalysts. Comparisons of activity and surface characterization results from both
industrial and lab-prepared samples determine the extent to which laboratory
experiments simulate field behavior. There are no such comparisons documented in
the literature.
Table 4.1 and Table 4.2 summarize the sample information and characterization
for the commercial and lab-prepared SCR catalyst.

Table 4.1

Commercial SCR catalyst information

Samples

Industrial exposure
0 hour

Coal fired, hour
2063

3800

Characterization

Coal-biomass co-

ESEMa

Activityb

firing, 350 hours

M1c

×

×

×

×

×

×

M2

×

×

×

×

×

×

M3

×

×

×

×

×

×

M4

×

×

×

×

×

d

×

×

×

×

×

P2

×

×

×

×

×

P1

a. ESEM: Environmental scanning electron microscopy
b. Section 4.10 listed detailed activity measurement information of commercial SCR catalysts
c. M stands for monolith
d. P stands for plate
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Table 4.2

Lab-prepared fresh, sulfated and contaminated catalyst information
Samples

Catalyst

Poisons

TiO2
TiO2
2% V2O5/TiO2
2% V2O5/TiO2
5% V2O5/TiO2
5% V2O5/TiO2
1% V2O5-9%WO3/TiO2
% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2

4.2

Characterization
Sulfation
×
×
×

NH3, NO adsorption
(FTIR)
×
×
×
×
×
×

×
K
K
Na
Na
Ca
Ca

×
×
×
×
×
×
×

×
×
×

Activity
(MS)

BET

×

×

×

×
×
×

×
×
×
×
×
×
×
×
×

XPS
×
×
×
×
×
×

×
×
×
×

Catalyst Preparation
This section summarizes procedures for preparing both fresh and contaminated

laboratory catalyst samples. Commercial monolith sample preparations appear in
Appendix B.

4.2.1

Laboratory-prepared Non-poisoned Powder
Catalyst

Titanium dioxide (P25, Degussa), the catalyst support, was first densified by
mixing with distilled water at 1:1.75 ratio by weight, then dried at 120 ˚C for 24
hours, followed by calcination at 600 ˚C for 4 hours. The densified titanium dioxide
was then ground with an agate mortar and pestle into fine powders with about four
micron average diameter.
Vanadia/titania catalysts with various vanadia weight loadings (1, 2, and 5%)
were prepared using an incipient impregnation method. In this method, ammonia
metavanadate, the precursor of vanadia, reacts in a warm oxalic acid solution at a
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stoichiometric ratio corresponding to the desired loading, resulting in a deep blue
solution. Titania powder added to the cooled precursor solution forms a slurry, which
then dries at 120 ˚C overnight, followed by calcination at 550 ˚C for 6 hours. After
calcinations, the catalysts are again ground with an agate mortar and pestle into fine
powders similar to the titania powder.

4.2.2

Lab-prepared Contaminated Powder Catalyst

Poisoned powder catalysts were prepared by impregnating the non-contaminated
powder catalyst with a poison precursor solution (nitrate salts of the poisons),
followed by overnight drying at 120 ˚C and calcining at 500 ˚C for 5 hours. The
resulting material is again ground to fine powder using a mortar and pestle.

4.3

BET Analyses
The Micromeritics 3000 instrument determined samples specific surface area

and pore size distribution by nitrogen adsorption at 77 K using the BET method.
About 0.5 gram of sample degassed at 120 ˚C in helium for 4 hours in the sample
tube. After degassing, the sample weight represents the accurate sample weight for
BET analysis. Analysis results come from three replicates (at least), and the variance
of the measurements is typically within 5%.

4.4

X-ray Photoelectron Spectroscopy
(XPS)
XPS analyzes the atomic surface concentration on each catalyst. The spectra

were recorded on a Model X-ray photoelectron spectrometer using AlKα (1486.7 eV)
as a radiation source at 300 Watts. The mounted powder catalysts were degassed
overnight at room temperature at a pressure on the order 10-7 Torr. The XPS measures
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binding energies (BE) for C 1s, O 1s, Ti 2p, V 2p 3/2, S 2p. The sputtering gun
eliminates sample charging effects. The C 1s BE of 285 eV provides a calibration for
all other measurements. For XPS analysis, the original pellet sample should be tested
instead of a ground powder catalyst from the original pellet as the former preserves
the same surface state whereas the latter creates significant new surface, most of
which will not be sulfated.

4.5

Environmental Scanning Electron
Microscopy (ESEM)
Environmental scanning electron microscopy (ESEM) is a powerful tool for

surface elemental and morphology analyses. ESEM allows direct analyses of samples
without sample coating or pretreatment under low vacuum. Information of elemental
composition and morphology occurs on a surface area of 40 μm ×40 μm using XL 30
ESEM FEG manufactured by FEI at magnification of 2500X, spot size 5, accelerating
voltage 15.0 kV, and pressure 1.0~1.5 Torr. The ESEM provides approximate
elemental compositions with a lower detection limit of 0.1 wt % and an accuracy that
depends on calibration but in these analyses typically ± 5%. The depth of X-ray beam
generated upon electron beam bombarding depends on the accelerating voltage and
sample, generally is about 1 μm. Carbon appears as the lightest detectable element for
this ESEM instrument, which location is about 0.2 k eV.

4.6

In Situ Surface Reactor (ISSR)
Three components combine the in situ surface reactor system: (1) a flow system

supplying the desired reactant gas mixture for IR reactor cell and Mass Spectrometer
(MS), (2) an in situ FTIR reactor cell where reactions and adsorption take place and
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allows simultaneously transmitted IR beam, (3) an MS connected to IR cell analyzing
reactant and product compositions. This combination allows the simultaneous
measurement of the surface adsorbed species and the concentrations of reactants and
products. The basic features of the setup are illustrated in Figure 4.1.

Figure 4.1

4.6.1

Schematic of ISSR system

FTIR Spectrometer

A Nicolet Model 730 FTIR spectrometer provides the in situ spectroscopic
information. A photograph of this system appears in Figure 4.2. The spectrometer
operates in transmission mode with a reactor cell designed to provide surfacesensitive, in situ data on adsorbed species.

4.6.2

Reactor Cell

Figure 4.3 presents a schematic diagram of the reactor cell. This cell is
specifically designed and fabricated for this investigation, includes a 316 SS rod to
allow the infrared beam to pass through a catalyst wafer. The wafer fits between
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transparent crystalline IR windows. The overall length and inside diameter of the cell
are 10.9 cm and 2.6 cm, respectively. Two aluminum wafer holders support the
catalyst to prevent it from being crushed by the tight-fitting crystal windows and to
allow the gas stream to enter and pass through the wafer. The gas ports are on
opposite sides of the middle section of the reactor to allow continuous flow of

Figure 4.2

FTIR spectrometer with gas cell in sample analysis compartment.

reactants or adsorbing gases through the wafer. A thermocouple inserted into the
reactor contacts the catalyst wafer, providing accurate temperature monitoring.
Cooling jackets on the far ends of the tube allow the center of the reactor to be
operated at up to 773 K while the ends remain below the melting temperature of the
nitrile or Buna-N and Kalrez O-rings that provide airtight seals. Reactor preparation
involves sliding the KCl and CaF2 circular windows and sample wafer into the tube,
positioning the thermocouple into the grooved wafer holder, inserting the O-rings and
Teflon window holders, and tightening the end caps. High-temperature insulation
controls heat losses from the apparatus. The apparatus centerline aligns with the path
of the IR beam so that the beam passes through the reactor and sample wafer.
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IR beam

Figure 4.3

Schematic diagram of the in situ reactor cell used in the FTIR system.
1) Thermocouple port, 2) water cooling ports, 3) thermocoax heating
cable, 4) end caps, 5) Teflon window holders, 6) CaF2 windows, 7)
KCl windows, 8) aluminum wafer holder, 9) nitrile (large) and Kalrez
(small) O-rings. Not shown are the gas inlet and outlet ports, located
on either side of the reactor near (6) coming out of the page. (Drawn to
scale)

Figure 4.4

Photograph of the reactor cell.

4.6.3

Wafer Preparation

Powdered catalyst provided all the samples. Approximately 850 mg of catalyst
powder pressed into a 1.9 cm diameter wafer with 0.14 mm thickness provides a
suitable diagnostic reactor volume for this technique. Pretreatment of catalyst prior to
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testing involves oxidization in the FTIR reactor cell chamber with 5 % by weight O2
in helium at 350ْC~400ْC for 2-4 hours.

4.6.4

In Situ IR spectra collection

The samples were pressed into self-supporting wafers and mounted into a
modified in situ cell, and pretreated by exposing to 10% O2/He at 653 K for 2-4 hours
prior to all experiments. The in situ Fourier transform infrared (FTIR) spectra were
recorded with a resolution of 2 cm-1 under various gas environments from ambient
temperature up to 380 ºC.

4.6.5

Mass Spectrometer (MS)

To determine the NO conversion, a Balzers-Pffeiffers PrismaTM QMS 100
quadrupole mass spectrometer samples the exhaust and feed from the above FTIR cell
using a Faraday cup and SEM (Secondary electronic measuring) detector. This
instrument includes a heated capillary inlet and valve, and measures concentrations in
the 1 ppm range. The MS signal intensity changes in the NO30/Ar38 ratio between
reactor feed and effluent determine the NO conversion during the SCR reaction

4.7

NH3 and NO Adsorption
The purpose of this task is to gain knowledge of surface chemistry of vanadia-

based SCR catalysts with the ISSR, which provides in situ transmission FTIR spectra
of adsorbed NH3 and NO. Adsorption and desorption behaviors of these and other
species change with temperature, catalyst formulation, extent of sulfation, and gas
composition, as quantitatively indicated by changes in the spectral features of the
sample provides identification of: Brønsted and Lewis acid sites, interaction pattern
between reactant gases (NH3, NO, SO2), and surface sites before and after
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contamination. These investigations indicate how catalyst ingredients, sulfation, and
poisons impact catalyst surface chemistry. Detailed experiment design appears in
Appendix D.
NH3 and NO adsorptions on catalyst wafer occur in the IR reactor cell and are
monitored with in situ FTIR spectrometer. Prior to adsorption experiment, catalyst
pellets were preoxidized at 653 K in 10 % O2/helium with a flow rate of 50 ml/min
for 2-4 hours to remove any impurities before cooling down to adsorption
temperatures: 50 ºC for ammonia adsorption and ambient temperature for NO
adsorption..
During ammonia adsorption, 1000 ppm NH3 in helium (50 ml/min) or 1000 ppm
NO in argon (95ml/min) was introduced continuously to the reactor cell and catalyst
wafer for one hour to ensure complete saturation of the sample. Then ammonia or
nitric oxide was replaced by helium (50 ml/min) to purge the system for another hour
to eliminate effects from physical adsorbed species. Subsequently, the FTIR spectra
were recorded. Experience shows that adsorption of NO and NH3 on catalyst surface
changed little before and after purging with helium.

4.8

Sulfation
Catalyst surface sulfation was accomplished in the in situ FTIR reactor cell on

catalyst wafers. The experiment involves passing sulfur dioxide mixture gases to
samples of TiO2, 2 and 5 % V2O5/TiO2, and 1% V2O5 -9% WO3/TiO2 with and
without poisons under dry or wet conditions for 24 hours at 380 ˚C and 1 atm. The
reactant gases consist of 2700 ppm SO2, 10% O2, helium balance. The moisture was
introduced through a bubbler.
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Fourier transformed infrared spectroscopy (FT-IR) monitors the nature of
sulfate species formed on the catalyst surface during the sulfation. In situ IR spectra
were collected on three samples TiO2, 2, and 5% V2O5/TiO2 with a Nicolet 730 (MCT
detector, resolution 2cm-1) IR spectroscopy. Two CaF2 windows, which resist
sulfatuion, were put right next to the sample wafer and the rest were KCl windows.
Prior to IR experiment, all the samples were preoxidized with 5% O2, 95% He, at 380
˚C for 2-4 hours.

4.9

Activity Measurement
Both conversion and kinetic activity data derived from mass-spectrometer-based

analyses of reactor effluent streams provide quantitative measures of the impact of
poisoning and sulfation on activity. The analysis of kinetic data requires knowledge of
film and pore diffusion effects in addition to conversion results. Appendix E presents
estimations of these impacts. In this investigation, kinetics remained in the intrinsic
kinetic regime.

4.9.1

Kinetic Parameter Calculation

Since NO reduction experiments did not involve film or pore diffusion, kinetic
parameters depend directly on NO conversion based on the following equation
(assuming the surface reaction is first-order in NO concentration):

k'= −

Q0
ln(1 − X )
Wcat

(10)

k’ = reaction rate coefficient, ml/g·s
Q0 = total gas flow rate, ml/min
Wcat = catalyst weight, g
X = NO conversion
And also
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⎛ E ⎞
k ' = A exp⎜ − a ⎟
⎝ RT ⎠

(11)

A = pre-exponential factor
Ea = activation energy, J/mol
R = gas constant 8.3144 J/mol·K
T = temperature, K
A matrix of reaction rate coefficient (k) values and temperatures result from
measuring NO reduction as a function of temperature.
Kinetic parameters (pre-exponential factors and activation energies) reported in
this work do not result from the time-honored procedure of linearly correlating the log
of measured reaction rate constants with the inverse of absolute temperature. Such a
procedure dramatically overemphasizes the low-temperature data in determining the
constants. Igor Pro® provides non-linear least-squares fits of these observed rate data
with 95% confidence intervals, and determines the parameters A and Ea and their
confidence intervals.
Even so, confidence intervals for the parameters themselves often provide
misleading indications of the statistical significance between data sets. While
generally reported, confidence intervals commonly overlap even when the rate
constants themselves clearly differ by statistically significant amounts. That is, the
range of kinetic parameter 95% confidence intervals, which appears in the figure
legends, greatly overestimates the actual uncertainty in the observed rate constant due
to the nature of the Arrhenius expression (Fogler, 1999). Therefore, temperature
dependence and confidence intervals for measured rates, rather than parameters for
rate constants, form the basis of comparison of the effects of various factors on
reaction kinetics.
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4.9.2

Statistical experiment

A systematic investigation has been statistically designed to determine effects of
poisons (K, Na, and Ca) and sulfates on catalyst activity as well as interactions among
sulfates and poisons. No previous published investigation clarifies whether
interactions among poisons and sulfates exist, and how important interactions are if
they do exist.

Table 4.3

Statistical experimental design of effect of poisoning and sulfation on
1% V2O5-9% WO3/TiO2

Runs

Composition Factor

Runs

K

Na

Ca

SO4

1

0a

0

0

0

2

0.5b

0

0

3

0

0.5

4

0

5

Composition Factor
K

Na

Ca SO4

9

0

0

0

1

0

10

0.5

0

0

1

0

0

11

0

0.5

0

1

0

0.5

0

12

0

0

0.5

1

0.5

0.5

0

0

13

0.5

0.5

0

1

6

0.5

0

0.5

0

14

0.5

0

0.5

1

7

0

0.5

0.5

0

15

0

0.5

0.5

1

8

0.5

0.5

0.5

0

16

0.5

0.5

0.5

1

a,b: 0 and 0.5 represents poison to vanadia atomic ratio.

Table 4.3 summarizes factors and factor levels for the full factorial design for
four factors (3 poisons and 1 sulfation) at two levels. NOx reduction activity, as
expressed by kinetic rate constant, represents the response. Theoretical considerations
suggest that there should be little interaction among poisons but possibly substantial
interactions between any given poison and sulfation. A fractional factorial design
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derived as a subset of this full design includes all single factor impacts (K, Na, Ca,
and S) and all interactions with sulfur (Na-S, K-S, and Ca-S) but not other binary
interactions and no higher-order interactions. This reduces the number of
experimental conditions with this design to half, with numbers 1-4 and 9-12 in Table
4.3 used in this experiment. Seven replicate measurements provide statistically
qualified data at each of the experimental conditions. Additional experiments
demonstrate the lack of a binary interaction between some poisons, as illustrated in
Chapter 6 section 6.3.3, justifying the fractional factorial design. Detailed information
of the statistical design appears in Appendix D.

4.10

Catalyst Activity Characterization
System (CCS)

Catalyst characterization system consists of gas flow system, reactors including
powder and monolith test reactors, and analytical devices that monitor the reactant gas
composition before and after reaction. The CCS simulates industrial flows by
providing a test gas with the following nominal composition: NO, 0.1%; NH3, 0.1%;
O2, 2%; H2O, 10%; and He, 87.7%, space velocity is 15,000 hr-1. Both custom and
commercial catalysts provide data as fresh samples and after a variety of laboratory
and field exposures under steady conditions. A detailed description of CCS appears in
Appendix C. The CCS data quantitatively determine deactivation mechanisms by
indicating the specific catalyst reactivity using a kinetic and flow model (detailed
description in the Appendix F) that fits the measured NO conversion of custom
(laboratory) and commercial catalysts (vendor supplied) under a variety of conditions.
The CCS was constructed and conducted in large measure by Seth Herring,
Kenneth Crowther, Aaron Nackos, John Ashton, and Jacob Buttler. The author
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supervised some of this work, collected catalyst characterization information, and
developed most of the conclusions from the results, but these mostly undergraduate
colleagues at BYU conducted a large portion of the total effort.
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Chapter 5. Results and Discussion
This chapter summarizes and discusses results from both field and laboratory
tests. The field test results and discussions appear first and describe the magnitude and
general trends of SCR catalyst deactivation observed during both biomass and coal
combustion. These tests resulted from carefully designed, constructed and executed
experiments in sophisticated field reactors that include temperature control,
simultaneous exposure of six catalyst types, individual flow control through catalyst
channels, and on-line, continuous ammonia injection and NO conversion
measurements for each catalyst type. Nevertheless, the combustion conditions of
commercial power plants depend on market demands and reliable operation. They
fluctuated substantially during the several thousand hours of exposure. While
instructive, the field data cannot adequately address fundamental questions of SCR
activity.
The bulk of the following results and discussion describe laboratory data. These
results help interpret the field data and provide significant mechanistic insight into
SCR reactions and their dependence on catalyst composition, poisons, sulfation, and
temperature. This combination of field and laboratory data provides significant new
insights into SCR catalyst performance.

5.1

Commercial Monolith Catalyst Tests
The field reactor construction and operation occurred under the direction of

research collaborators at the University of Utah and Reaction Engineering
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International. Activity characterization occurred at BYU. A more detailed description
of the field reactor appears in the Appendix A. In the field reactor, all six commercial
catalysts were exposed simultaneously to nominally identical flue gases passing
through six parallel reactor sections. Eductors controlled flow through each section
separately to compensate for differences in catalyst designs and pressure drops,
ensuring that changes in catalysts characteristics with time largely relates to catalyst
rather than operational performance differences. Furthermore, two coal exposure tests
occurred in flue gas from the same boiler with no changes in slipstream reactor
configuration. The field reactor and configuration allowed samples to be removed at
intermediate stages of exposure without altering superficial velocities or relative
positions of the material, again attempting to ensure that observed differences in
catalyst behavior with time arise from catalyst and not boiler operating condition
changes. The same slipstream reactor was used for the biomass-coal cofired exposure
to flue gas from a separate boiler with 5 wt% sawdust intermittently cofired with a
high-rank coal, 95 wt% Alabama bituminous coal, than that used in the coal-only tests
(by design). Because of these and many operational differences in the exposures,
differences between the cofired data and the coal data include fuel differences
(biomass and coal), facility differences, and operating condition differences, though
the experiments recreated conditions as similar as is practical for such field work.

5.1.1

Reaction Rate Constant Estimation

Calculation of reaction rate constants from commercial monolith catalysts
applied the Chen model (derivation in Appendix F), which describes monolith catalyst
deactivation in SCR systems and provides a quantitative means of tracking
deactivation and a potential means of incorporating such deactivation in a combustion
simulation code. The model assumes a first-order reaction rate with nitric oxide over
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the catalyst surface, and considers effects of film and pore diffusion. Comparisons
between the activities of exposed and fresh catalysts appear below. Results from three
commercial monolith catalysts, designated M1, M2, and M3, form the basis of these
comparisons. The essentially one-dimensional Chen model predicts NO conversion
(XNO) of an exposed monolith catalyst:

X NO

⎛
⎞
⎜
⎟
⎜
⎟
⎜ σ cat L
⎟
1
= 1 − exp⎜ −
1
1
exp(−2φ ) + 1 ⎟
⎜ uAcs
⎟
−
1
exp(−2φ ) − 1 ⎟
km
⎜
⎜
⎟
(De k ' a )1/ 2
⎝
⎠

(12)

where
1/ 2

⎛ h 2k ' a ⎞
⎟⎟
φ = ⎜⎜
⎝ De ⎠

(13)

σcat = perimeter length of a monolith cell
L = monolith length
u = linear gas velocity in cell
Acs = cross-sectional area of a cell
km = mass-transfer coefficient
De = effective diffusivity of NO
k’ = first order reaction rate constant, ml/g·s
a = activity factor
φ = Thiele modulus
h = wall half-thickness
This model assumes the absence of bulk mass transfer resistance; that is, no
concentration gradient exists between the center and edge of bulk flow, a potentially
questionable assumption in this application since bulk flow appears as a laminar flow
in this experiment. In addition, about 8% of the total surface area that appears on the
front and back of the monolith samples is not considered in the model, which could
contribute small numbers of additional active sites. Moreover, empirical parameters
used for pore diffusion parameters in the Thiele modulus and elsewhere include
imprecise estimates of actual catalyst structure and assume a homogeneous catalyst
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material, the last assumption being inaccurate for exposed catalyst that includes either
surface fouling or masking. However, the results provide an overall indication of
changes in activity with exposure that is industrially useful and provides context for
more scientifically precise investigations discussed later.
The activity comparisons come from the reaction rate constants (k’) found over a
range of temperatures for each of the fresh catalysts by setting the activity factor (a)
equal to one. Table 5.1 explains the nomenclature that appears in these and related
figures.

Table 5.1

Representations of fresh, 2063, 3800, and biomass in Tables and
Figures

Label

Description

Fresh

Fresh catalyst

2063

exposed to effluent from low-rank, coal-fired boilers for 2063-hour

3800

exposed to effluent from low-rank, coal-fired boilers for 3800-hour

Biomass

exposed to effluent from coal-biomass co-firing boilers for 350-hour

5.1.2

BET Surface Area and Pore Diameter

Fly ash accumulates in the monolith channels and on the sample surface during
exposure, as illustrated in Figure 5.1, and could potentially affect available surface
areas and average pore diameters by penetrating into the catalyst pores. The following
section explores these potential physical impacts.
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Fresh

Figure 5.1

2063

3800

Picture of fresh, 2063-hour, and 3800-hour exposed commercial
monolith samples

BET surface areas and average pore diameters of fresh and exposed M1and M2,
catalysts appear in Table 5.2. Comparisons of fresh and exposed samples indicate that
BET surface area decreases with increasing exposure time. For both fresh and
exposed catalysts, meso pores dominate the pore population in the sense that they
contribute the largest fraction of the surface area. Average pore diameters increased
with decreasing surface area, indicating most of the surface area loss occurs in meso
pores. Loss of such pores, presumably due to pore plugging by fly ash, changes both
pore size distribution and total surface area. Fouling or masking instead of sintering is
associated with catalyst physical characteristics changes because the sample exposure
temperatures in the SCR slipstream reactor ranged from 325-345 ºC, which is much
lower than the sintering temperatures of titania at 850 ºC or higher (Ghodsi and
Prossnitz, 1981; Nova et al., 2001).
For the M1 catalyst, the 2063- and 3800-hour exposure samples showed similar
surface area reductions, 13 and 10% respectively, and associated changes in average
pore diameters. Therefore, pore plugging occurs primarily in the first 2000 hours of
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exposure. Exposure of 350 hours to biomass produced the largest surface area
reduction, 22%, compared to 2063- and 3800-hour coal exposures. This indicates
significantly more rapid pore plugging in the catalyst exposed to flue gas from coalbiomass co-firing boilers. Similar results were observed from M2 catalyst, except no
obvious pore plugging occurs until exposure reached 3800 hours since surface area
and average pore diameter changed only about 4% for 2063 exposure hours but by
12% at 3800 hours.

Table 5.2

Summary of BET surface area and average pore diameter of M1 and
M2 samples: fresh, 2063-and 3800-hour coal exposures, and biomass
exposure
M1

Samples

M2

BET surface
area, m2/g

Average pore
diameter, nm

BET surface
area, m2/g

Average pore
diameter, nm

Fresh

61.5 ± 0.2

16.4

56.6 ± 0.1

13.3

2063

53.5 ± 0.2

17.5

54.5 ± 0.1

13.6

3800

55.6 ± 0.1

17. 7

50.0 ± 0.1

17.7

Biomass

48.2 ± 0.1

19.9

43.9 ± 0.1

20.0

Generally, exposure to flue gas from boilers causes pore plugging with time on
samples to various degrees. Among the three exposures, pore plugging seems worst in
biomass samples. These differences possibly arises from the higher ash content in
biomass-coal blends (see Figure 5.2 and Figure 5.3), but cannot be unambiguously
attributed to biomass co-firing since the experiments were conducted in separate
boilers and with different coals. Other potential factors include different physical
characteristics of catalysts and operating conditions.
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Composition comparisons between coal and Biomass –coal
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Figure 5.3

Ash content comparisons of coal blends ash and biomass-coal ash.
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5.1.3

Results of ESEM Analyses

Commercial monolith sample cross sections allow electron beam access to the
monolith wall and internal structure, as demonstrated in Figure 5.4. ESEM data from
the center and the edge of monolith wall cross section, monolith surfaces (flat), and
deposit provide indications of the extent and type of fouling and masking.
Comparisons among fresh and exposed samples indicate elemental changes during the
catalyst exposure.

Figure 5.4

Sites of ESEM Analyses of the Monolith Catalysts

The characteristic elemental compositions of fly ash, aerosols formed from fly
ash, and the catalyst provide a convenient guide to interpreting these data. Oxygen is a
dominant element in coal fly ash, aerosols, and the catalyst and provides little value in
interpreting the data. However, coal fly ash also includes large fractions of silicon,
aluminum, iron, calcium, and magnesium, as illustrated in Figure 5.3, none of which
occurs in significant concentrations in the catalyst. The smallest particles found in
coal combustors generally form by vapor condensation. The most volatile forms of
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inorganic material in these coals include alkali metals (Na and K) which commonly
occur in the form of sulfates, differing substantially from both the bulk coal fly ash
and the catalyst. However, only a small fraction of these potentially volatile elements
volatilize, so the presence of Na or K in the absence of Si and Al indicates potential
aerosols, but the presence of Na and K with Si and Al does not. The dominant
catalyst-distinguishing element is Ti followed by W, both of which occur only in
small quantities in coal fly ash and, due to their refractory nature, do not enrich in the
aerosols. These vanadium-based catalysts have vanadium concentrations too close to
the instrument detection limit to be quantitatively useful in these analyses.
In summary, the amount of original catalyst in a sample increases with
increasing Ti content, the amount of coal fly ash increases with increasing Si, Al, and
Fe, and the amount of aerosol increases with increasing Na or K. Furthermore, coal
fly ash contains larger amounts of calcium and magnesium than biomass-coal fly ash,
while biomass-coal fly ash contains larger amount of iron and potassium than coal fly
ash.
Since the catalyst surface can sulfate, an increase in sulfur content in the
absence of Na, Ca, or K indicates regions of flue gas penetration without attendant fly
ash particles. Results of ESEM analyses, as shown in Figure 5.5 - Figure 5.10,
indicate the elemental compositions of fresh and exposed M1and M2.

5.1.3.1

Surface Elemental Analysis of M1 and M2

Figure 5.5 indicates the elemental composition changes on the M1 monolith
sample after various exposures. The fresh M1 catalyst contains primarily titania,
oxygen, and tungsten as expected. Calcium and aluminum also appear, which
probably come from fiber ingredients that strengthen the catalyst, since Figure 5.6
illustrates that calcium and aluminum account for about 6 and 3 wt%, respectively, of
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these fibers. Exposure of 350 hours to flue gas in the coal-biomass co-firing boiler
increases the sulfur content but introduces no significant changes in silicon,
aluminum, calcium, sodium, or potassium on the monolith surface, indicating catalyst
sulfation with insignificant accumulation of fly ash or potential poisons (K, Na, and
Ca) on the catalyst surface. BET surface area and average pore diameter
measurements indicate pore plugging occurred during biomass exposure, while the
surface elemental analysis detected little ash deposit on the biomass-exposed catalyst
surface, therefore, fine ash particles deposited probably in the internal pores and
attribute most of the pore plugging.
After 2063 hour exposure to flue gas from coal-fired boilers, sodium, calcium in
relatively large amounts, sulfur, aluminum, and silicon deposit on the M1 monolith
surface, indicating ash, sulfur, and poisons (Na and Ca) lodged in the catalyst surface.
As exposure increases to 3800 hours, larger amounts of sulfur and calcium deposit on
the catalyst surface. The sum of molar % of calclium, 0.5 molar % of sodium, and
molar % of magnesium is 0.417, while sulfur contributes about 0.433 molar %. These
roughly comparable concentrations indicate that all of the sulfur could be associated
with sulfate alkali and alkaline earth fly ash material, and that the catalyst surface may
have experienced minimal sulfation. As discussed in detail later in section 5.3.2, the
catalyst surface itself sulfates to a potentially significant extent, but these ESEM data
suggest that only small amounts of the original catalyst material (characterized by Ti)
exists within the diagnostic volume of these measurements, explaining why the total
sulfation so closely approximates the sulfation of only the deposited species.
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Fresh and exposed M1 catalyst surface elemental composition
comparison
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Monolith fiber elemental composition

Distributions of fine ash particles and minerals should differ with distance from
the surface in such porous materials. Figure 5.7 illustrates this dependence for the
3800-hour exposed M1 catalyst. The regular surface with ash deposit removed after
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3800-hour exposure contains higher amounts of sulfur and calcium than the ash,
indicating sulfur and calcium, probably calcium sulfate, preferentially formed on the
catalyst surface. Further exploration into the wall shows much lower but still
measurable sulfur and calcium accumulation. All contaminants appear in higher
quantities on the edge than in the center. The concentrations of calcium, sulfur and
other impurities gradually decrease from the surface to the cross-section center,
indicating some but relatively little penetration of ash-related compounds and SO2 to
the catalyst center compared to the catalyst surface. However, compared to the initial
catalyst composition, the sodium and calcium concentrations at the center are
significant, indicating that at least some particles penetrate deep within the catalyst
wall.
The data in this figure illustrate one weakness of the average pore diameter and
activity measurements discussed earlier. Clearly, ash impacts on catalyst composition
and pore diameter are not uniform throughout the catalyst. However, most of the
modeling and experimental measurements of pore diameters, reactivity, and related
properties do not resolve the spatial variation of these quantities. A Thiele modulus
does describe reactant penetration, but the underlying hypothesis is that the catalyst
physical and chemical compositions are uniform – a poor assumption based on these
measurements. These issues, together with well-documented limitations of BET
surface area measurements and other catalyst characterization techniques require
conservative interpretation of these data and highlight the need for more fundamental
laboratory experiments where catalyst properties can be better controlled and known.
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Elemental comparison at various positions of 3800-hour exposed M1

Figure 5.8

ESEM picture of 3800-hour-exposed M2 catalyst
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Some catalyst pores remain exposed at the surface after 3800 exposure hours, as
illustrated in Figure 5.8. M1 and M2 samples exhibit generally the same morphology
as this ESEM picture taken from the M2 3800 sample. In the middle-right side of the
picture, fine round ash particles (~0.1-1.5 μm) on the catalyst surface block and plug
the pores. Non-plugged pores appear on the rest of surface. No observable masking
layer formed on exposed M1 and M2 catalyst surfaces.
Siemens reported that after catalyst exposure to flue gas from Powder River
Basin (PRB) coal flue gases, crystals of calcium sulfate grew on the catalyst surface
and appear as the only detectable elements, as shown in Figure 5.9. This result
suggests that calcium sulfate masked the catalyst surface and thus cause catalyst
deactivation. The coal properties and firing conditions in the Siemens investigation
are similar to conditions of this investigation. The current data indicate that both
calcium and sulfur concentrations increase preferentially on the catalyst surface and
that the molar ratios are consistent with calcium sulfate formation, but there is no
indication of the type of masking that Siemens observed.

Figure 5.9

SEM picture of Siemens catalysts exposed to PRB coal firing power
plant
(Siemens, 2000)

62

60
M2 Fresh
M2 Biomass
M2 2063
M2 3800

50

Weight %

40
30
20
10
0
O

Na Mg

Al

Si

P

S

K

Ca

Ti

V

Fe W

Elements
Figure 5.10 Fresh and exposed M2 catalyst surface elemental composition
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Figure 5.11 Elemental comparison at various positions of 3800-hour exposed M2
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M2 catalysts have similar composition and physical structure as M1, and
qualitatively similar surface conditions were observed, as illustrated in Figure 5.10
and Figure 5.11. Therefore results from M2 catalysts suggest the same conclusions as
from M1 catalysts.

5.1.4

NOx Reduction Activities

Figure 5.12 and Figure 5.13 compare NOx reduction activities for the fresh
versus the exposed M1 and M2 catalysts. These data come from leading-edge sections
of field-exposed monoliths analyzed in the CCS as described earlier. Kinetic
parameters result from matching measured conversion data with predictions from the
monolith model described at the beginning of this section. Kinetic constants are based
on BET surface areas rather than monolith mass obtained by
k''=

k'
SBET

(14)

k’’, kinetic constant, cm3/cm2·s
k’, kinetic constant, cm3/g·s
SBET, BET surface area, cm2/g
Kinetic constants that consider surface area changes appear below since surface
areas decrease with increased exposure to flue gases. Therefore, the total mass-based
deactivation compared to a fresh catalyst is that associated with the surface area
changes already discussed plus that associated with the surface-area-specific activities
discussed here. Given the limitations of BET surface areas as indicators of active
surface area, the non-uniform contamination of the catalyst by fly ash (which is
difficult to quantify and is not part of the model), and the relatively simple intrinsic
kinetics (single-step surface kinetics first order in NO), the model parameters should
not be over-interpreted. That is, the kinetic parameters do not likely accurately reflect
either energy barriers or collision frequencies.
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Figure 5.12 illustrates kinetic constant comparisons from fresh and exposed M1
and M2 samples at temperatures from 520 to 610 K. Different symbols in Figure 5.12
and Figure 5.13 represent monolith samples with various exposure conditions as listed
in Table 5.1. Each solid line fits the corresponding kinetic data using a non-linear
least-squares method with Igor Pro®, and the two dashed lines above and below the
given solid line of the same color indicate the 95% confidence intervals for the rate.
The differences in NOx reduction activities from fresh and exposed M1 catalysts
gradually become statistically distinguishable with increasing temperature and
increasing exposure. After 2063 exposure hours to flue gas from this coal-fired boiler,
the average M1 catalyst activity increases slightly (but not statistically) compared to
the fresh catalyst at 530 K, and the fresh catalyst activity increases most rapidly with
increasing temperature. Activities decreased more obviously and with more statistical
significance for the 3800-hour coal exposure and biomass exposure samples at high
temperature. At about 600K, the activity sequence follows:
k fresh > k 2063 > k biomass > k 3800.
M2 data form conceptually identical patterns to those of M1 catalysts, as
indicated in Figure 5.13.
The activity factor accounts for the changes in kinetic constants comparing
exposed catalysts to the fresh catalysts,
a=

k ' 'exposed
k ' 'fresh

.

(15)

Activity factor magnitudes and temperature dependence demonstrate the catalyst
deactivation pattern with various exposure conditions.
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Figure 5.12 Comparison of M1 kinetic constants as a function of temperature and
exposure in a slipstream reactor with 95% confidence intervals.
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Figure 5.13 Comparison of M2 kinetics constants as a function of temperature and
exposure time in a slipstream reactor with 95% confidence intervals.
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Figure 5.14 Activity factors, a, comparisons of M1 2063, 3800-hour exposure to
effluent from coal fired boilers, and to effluent from coal-biomass cofiring boilers

Figure 5.14 presents activity factors, a, of the exposed M1 samples. Values of a
from coal-exposed samples (M1 2063 and M1 3800), decrease with increasing
temperature. The a of M1 2063 appears greater than unity at temperatures from 528552 K while less than unity after longer exposure times. The activity factor of the M1
catalyst exposed to effluent from coal-biomass co-firing boilers, on the other hand,
slightly increases with increasing temperature but is nearly constant and is uniformly
below unity.
Activity factors, a, of each exposed M2 sample appear in Figure 5.15. After
2063 exposure hours, activity factors increases slightly compared to M2 fresh
catalysts over most of the temperature range. The M2 biomass exposure activity
factor is essentially independent of temperature while the M2 3800 activity factor
decreases with increasing temperature, this last trend similar to the results from the
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M1 catalyst. As with M1, the biomass-exposed sample also produces activity factors
essentially independent of temperature and uniformly below unity, though not as low
as the M1 values.
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Figure 5.15 Activity factors, a, comparisons of M2 2063, 3800-hour exposure to
effluent from coal fired boilers, and to effluent from coal-biomass cofiring boilers

The activity factor serves only to represent changes in observed rate. It has little
fundamental significance. It relates directly to the pre-exponential factor of the rate
constant in that the observed rates are equal to the initial rates with the initial preexponential factor multiplied by the activity factor. Cases where it exhibits significant
temperature dependence indicate that the changes in activity may include activation
energy changes in addition to pre-exponential factor changes. Fundamentally, the preexponential factor can depend on temperature, but of the many theories used to derive
it, the great majority indicate that it should increase, not decrease, with temperature.
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There are both consistent and less consistent trends among these observations.
The consistent trends include: (a) an eventual surface-area-normalized deactivation, at
times preceded by increased or at least sustained activity, among all samples; (b) the
longest coal exposure time resulting in the greatest deactivation (among coal
samples); (c) deactivation from biomass after even modest exposure times; and (d)
fouling associated with available surface area changes that lead to deactivation that
dominates the total deactivation during short (2063-hour and biomass-coal)
exposures. Any adequate description of SCR mechanisms and deactivation must be
able to explain all of these trends. Most of the remainder of this document discusses
more controlled and fundamental experiments that provide such a description. For
example, while many things can lead to decreases in apparent activity, the observed
increases may seem counterintuitive. The following laboratory experiments clearly
indicate reasons for such increases and subsequent decreases.
The activity factor approach discussed above implies that poisoning or some
similar kinetic impact leads to deactivation. However, fly ash accumulates on sample
surfaces during exposure and introduces documented changes in surface area and pore
size/size distribution. The following lab-prepared sample section explores these
potential physical impacts before introducing the more fundamental laboratory data.

5.1.5

Discussion of Commercial Catalyst Results

Both literature data and current investigations (to be discussed later) indicate
that alkali metals (Na and K) and alkaline earth metals (mainly Ca) poison the vanadia
catalyst (Chen et al., 1990; Chen and Yang, 1990; Forzatti and Lietti, 1999; Kamata et
al., 1999; Khodayari and Odenbrand, 1999; Khodayari and Odenbrand, 2001b;
Tokarz, 1991; Zheng et al., 2005; Zheng et al., 2004). NO reduction activity tests
show that the 2063-hour-exposed M1 and M2 catalysts exhibited almost the same NO
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reduction activity compared to the corresponding fresh catalysts even though poisons
(K, Na, and Ca) deposited onto the catalyst samples in quantities sometimes much
higher than the vanadium concentration. While the poisons attached to the catalyst
surface, they did not poison the 2063-hour-exposed catalysts, or at least the poisoning
impact was offset or overwhelmed by an activity increasing process. With extended
exposure, some 3800-hour-exposed samples exhibited significant activity losses. BET
surface area and pore diameter results (Table 5.7) combined with physical
characteristics of 2600- and 3800-hour-exposed samples illustrated in Figure 5.1, and
the composition data just presented suggest that fine ash particles gradually
accumulate on the exposed monolith walls and minimally penetrate the catalyst
interior. These observations, coupled with the increase in activity associated with
catalyst sulfation discussed later, explain the pattern of NO activity we observed. At
2063 exposed hours, surface fouling leads to 13% and 4% surface area loss for M1
and M2 correspondingly; and poisoning appears as no major problem. That is, no
significant decrease in NO reduction activity per unit surface area occurs, or at least
the increase in activity associated with sulfation compensates for the decrease
associated with poisoning. After 3800 exposure hours, pore plugging impacts
remained similar. In addition, greater amounts of poisons (Na and Ca) and sulfur
deposited on the catalyst surface. The activity per unit surface area generally
decreased for M1 and M2, suggesting that some poisoning, in addition to pore
plugging, occurs at longer exposure times. This poisoning apparently has a greater
effect than sulfation, and catalyst activity drops significantly. Therefore, both
fouling/pore plugging and poisoning could contribute to catalyst activity loss for the
M1 and M2 catalysts.
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For biomass exposure, larger surface area loss occurs (22% for M1 and M2)
than for samples from coal exposure (up to 13%). On the other hand, less K, Na, and
Ca appear on the catalyst surface, as indicated in Figure 5.5 and Figure 5.10. Only
minor and in many cases statistically insignificant activity losses occur for M1 and
M2 catalysts (Figure 5.12 and Figure 5.13, respectively) during the biomass tests.
Both pore plugging and poisoning could cause catalyst deactivation. Pore plugging
likely plays a major role as indicated by the similar surface-area-specific activities and
the small amounts of Na and Ca accumulated on the catalyst surface compared to
2063-hour coal exposure samples.
Therefore, the same catalysts in different environments and different catalysts in
the same environment indicate conceptually similar but quantitatively different
activity loss patterns. In all cases, both surface fouling and poisoning appear to play
roles, with potentially different mechanisms dominating, depending on catalyst and
environment.
The field results discussed thus far provide valuable links to industrial practice
and practical exposure. However, field testing by its nature precludes careful control
of gas compositions and conditions. Carefully controlled laboratory analyses provide
much more definitive indications of the impacts of alkali and alkaline earth metals
and sulfation on catalyst chemistry properties and activity. The remainder of this
investigation focuses on fundamental measurements that provide both strong evidence
for the interpretation of the field data and significant new insights into the rates and
mechanisms of NO reduction on vanadia catalysts. These fundamental investigations
focus on the impacts of various vanadia catalyst ingredients, including vanadia,
tungsten, sulfur, and poisons, on catalyst physical and chemical properties, such as
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BET surface area and average pore diameters, nitric oxide and ammonia adsorption
behaviors, and catalyst NOx reduction activity.

5.2

Laboratory-Prepared Catalyst
Investigations –Single Factor Effects
As discussed in Chapter 4, the effects of vanadia, tungsten, sulfation, and three

poisons on vanadia-titanium catalyst properties, including ammonia and nitric oxide
adsorption and NOx reduction activity, form the core of the laboratory analyses. The
temperature dependence of most of these data represents another statistical factor.
Describing even the two-level, single-factor and interactions of this factor set involves
384 possible combinations of factors and effects. This is a prohibitively large number
of conditions to conduct or report. This section of the document discusses the single
factor impacts of each of the compositional factors (V, W, S, Na, K, and Ca) and
temperature on NO adsorption, NH3 adsorption, and reaction kinetics (A, Ea). The
following section discusses some of the important interactions between these factors.
Laboratory-prepared powder catalysts and the in situ surface reactor (ISSR) data form
the basis of most of these discussions for both individual and combined effects.
Results of each individual factor include references to relevant literature and
introduce mechanistic and rate implications. For instance, this section of the
document outlines the impacts of poisoning under sulfur-free conditions as are
common in natural gas applications, but not in coal-relevant conditions. The
following sections 6.2.1-6.2.6 outline changes in catalyst properties with various
amount of vanadia, tungsten, sulfur, and poisoning impurities, as summarized in
Table 5.3.
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Table 5.3

Result summary of single effect lab-prepared catalyst investigation
Effects
Sulfur Poisons Temperature

Characterizations

Section

BET & Pore
diameter

5.2.1

×

×

×

×

NO adsorption

5.2.2

×

×

×

×

×

OH group
concentraton

5.2.3

×

NH3 adsorption

5.2.4

×

×

×

×

×

NO&NH3
coadsorption

5.2.5

NO reduction
Activity

5.2.6

×

×

×

×

×

5.2.1

Vanadia Tungsten

×

BET Surface Area and Pore Diameter

Catalyst physical characteristics may vary upon addition of various species,
such as vanadia, tungsten, sulfate species, and poisons. BET surface area and average
pore size measurements reflect those changes and appear below.

5.2.1.1

Vanadia Content Effect

Table 5.4 summarizes BET surface area and mean pore size analyses for pure
titania and three finite concentrations of vanadium catalysts (TiO2, 1, 2, and 5 % wt
V2O5/TiO2).
Three measurements (at least) occurred on each sample, and the average of three
repeats with errors within 5% appears in the above table. Comparison of the results
indicates that the mean pore size generally increases with vanadia content on the
catalyst surface, which probably is due to pores filled or blocked with vanadia
particles. The surface area increases slightly for 1 and 2 wt % V2O5/TiO2, but
decreases significantly for 5 wt % V2O5/TiO2 by 42%.
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Table 5.4

BET surface area and mean pore size of TiO2, 1, 2, and 5 wt%
V2O5/TiO2
Pure TiO2

1% V2O5/TiO2

2% V2O5/TiO2

5% V2O5/TiO2

BET surface area, m2/g

27.2 ± 1.6

29.4 ± 2.1

30.0 ± 1.7

16.1 ± 0.4

Mean pore size, nm

39.2 ± 1.5

42.8 ± 0.02

39.4 ± 0.1

36.5 ± 5.8

5.2.1.2

Tungsten Effect

Table 5.5 summarizes surface areas and pore sizes at 0% and 9% tungsten
content. Addition of 9% tungsten to 1% vanadia catalysts on titania catalyst causes no
significant changes in surface area but decreases the average pore diameter by 16%.

Table 5.5

BET surface area and average pore diameter of 1% V2O5/TiO2 and 1%
V2O5 – 9% WO3/TiO2.
1% V2O5/TiO2

1% V2O5 – 9% WO3/TiO2

29.4 ± 2.1

28.8 ± 1.2

42.8 ± 0.02

37.2 ± 6.3

BET surface area, m2/g
Mean pore size, nm

5.2.1.3

Sulfation Effect

Surface area and pore size data for fresh and fully sulfated 1% V2O5/TiO2
catalyst pellets appear in Table 5.6. 24 hour sulfation decreases the 1% V2O5/TiO2
surface area by 16%, and increases the average pore diameter by about 10%.

5.2.1.4

Poison Effect

BET surface area and average pore diameter measurements for fresh and
contaminated 1% V2O5/TiO2 catalysts appear in Table 5.7 for each of the three
poisons examined in this investigation.
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Table 5.6

BET surface area and average pore diameter of fresh and 24-hour
sulfated 5% V2O5/TiO2
1% V2O5/TiO2,

24 hour sulfated 5% V2O5/TiO2

25.2 ± 0.0

21.1 ± 0.01

41.4

45.8

BET surface area, m2/g
Mean pore size, nm

Table 5.7

BET surface area and average pore diameter of 1% V2O5/TiO2, 0.5K
1% V2O5/TiO2, 0.5Na 1% V2O5/TiO2, and 0.5Ca 1% V2O5/TiO2
Samples

BET surface
area, m2/g

1% V2O5/TiO2

29.4 ± 2.1

K doped 1% V2O5/TiO2, K:V=0.5:1

27.5 ± 1.3

5

42.6 ± 0.5

Na doped 1% V2O5/TiO2,
Na:V=0.5:1

26.3 ± 1.4

9

44.0 ± 0.1

Ca doped 1% V2O5/TiO2,
Ca:V=0.5:1

28.2 ± 2.3

2

46.0

% of BET surface
area change

Average pore
diameter, nm

42.7 ± 0.02

Potassium, sodium, and calcium addition decreases the BET surface area of 1%
V2O5/TiO2 by up to 10%, but that is not significant, consistent with Lisi et al.’s
observations (Lisi et al., 2004) In addition, no significant change is observed in the
average pore diameter.

5.2.2

NO Adsorption

Nitric oxide is one of the reactants in SCR reactions and its adsorption behavior
on vanadia catalyst provides meaningful insights to SCR reaction mechanisms.
Literature-reported data suggest nitric oxide adsorbs only on pure titania or reduced
vanadia catalysts (Ozkan et al., 1994; Topsøe et al., 1995; Yang et al., 1998). When
adsorption gas contains only 1000ppm NO in argon, no adsorption occurs on the
catalyst as monitored by in situ FTIR. However, after 10% oxygen was added to the
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NO adsorption gas, 1000 ppm NO in argon, optically detectable IR peaks occur at
1620, 1575, 1500, 1285, 1220 cm-1 on various vanadia catalysts and are assigned to
nitrate species (Hadjiivanov, 2000; Ramis and Busca, 1990). The current experiment
indicates that nitric oxide adsorbs on vanadia catalysts only in the presence of oxygen.
Results of 1000 ppm NO adsorption at ambient temperature on various samples
appear below.

5.2.2.1

Vanadia Effect

NO adsorption IR bands appear on non-sulfated V2O5/TiO2 catalysts with 0-5
wt% vanadia content at ambient temperature, as illustrated in Figure 5.16. NO
adsorption bands appear at the same frequencies for all catalysts, suggesting that the
same adsorbed NO species form on all samples.
Most researchers observed nitric oxide adsorption on less than fully oxidized
vanadia catalysts (Ozkan et al., 1994; Topsøe et al., 1995; Yang et al., 1998). The
V2O5/TiO2 used in this experiment was preoxidized at 380 ˚C for 4 hours before NO
adsorption; therefore, the vanadia valence should be 5+. Thus, NO adsorption was
observed on fresh fully oxidized vanadia catalysts.
The amount of adsorbed NO, which is proportional to the NO adsorption peak
area, decreases with increasing vanadia content on the titania surface, as shown in
Figure 5.16 and Table 5.8. The spectra were offset along the vertical axis for better
comparison. The strongest NO adsorption occurs on pure titania surfaces, whereas the
NO adsorbs weakly on 5% vanadia catalyst. These data suggest that vanadia species
addition suppresses NO adsorption, probably because vanadia species occupy the
same surface sites or at least eliminate surface sites otherwise occupied by NO, which
could be surface OH- groups on the titania support.
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TiO2
1% V2O5/TiO2
2% V2O5/TiO2
5% V2O5/TiO2

1628

4

Absorbance

1290
1582

3

1237
1500
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1

0
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1300

1200

-1

Wavenumber / cm

Figure 5.16 NO adsorption on TiO2, 1, 2, and 5% V2O5/TiO2 at ambient
temperature
(1000 ppm NO, 10% O2, helium balance, total flow rate=95 ccm )

Table 5.8

NO adsorption peak area comparison on fresh TiO2 and vanadia
catalysts at ambient temperature
1680-1570 cm-1

~1500 cm-1

1285-1220 cm-1

Pure TiO2

45

15

48

Fresh 1%
V2O5/TiO2

30

7

11

Fresh 2%
V2O5/TiO2

8

Fresh 5%
V2O5/TiO2

7

NO Adsorption at Different Temperatures
Figure 5.17 illustrates the effect of temperature on NO adsorption on fresh 1%
V2O5/TiO2. During the test, the NO adsorption peaks at 1623, 1575, and 1285 cm-1
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gradually decreased at elevated temperatures from 25 to 380 ˚C. Specifically, 1623
and 1575 cm-1 adsorption peaks disappeared from the IR spectra at 300 ˚C, while no
band at 1285 cm-1 existed when temperature reaches higher than 200 ˚C. NO
adsorption on the vanadia catalyst is visible up to 300 ˚C, which further confirms that
nitrates species form on vanadia catalyst surface upon NO adsorption because only
nitrates is stable till 300 ºC among nitrogen oxides adsorption species on titania and
vanadia.

o

345 C

8

o

300 C
o
250 C
o

200 C
o

1285

1623

100 C
o

Absorbance

6

25 C

4

2

0
1800

1700

1600

1500

1400

1300

-1

1200

1100

Wavenumber / cm

Figure 5.17 NO desorption on fresh 1% V2O5/TiO2 at temperatures from 25-345 ºC
(1000 ppm NO, 10% O2, helium balance, total flow rate=95 ccm )

5.2.2.2

Tungsten Effect

Tungsten represents a major component of commercial vandia catalysts. Figure
5.18 compares IR spectra of NO adsorption with and without tungsten. Strong NO
adsorption occurs on titania surfaces as reflected by intense peaks at 1620, 1500, and
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1280 cm-1, while weak peaks at the same positions appear on 9%WO3/TiO2,
indicating a similar NO-adsorption-inhibiting effect as observed with vanadia. Similar
reasons could account for this observation, namely that tungsten occupies the same
surface sites as nitric oxide and vanadia.

3.5

TiO2
9%W/TiO2

3.0

Absorbance

2.5
2.0
1.5
1.0
0.5
0.0
1800

1600

1400

-1

1200

1000

Wavenumber (cm )
Figure 5.18 NO adsorption on TiO2 and 9%WO3/TiO2 at ambient temperature
(1000 ppm NO, 10% O2, helium balance, total flow rate=95 ccm )

5.2.2.3

Sulfation Effect

Figure 5.19 illustrates NO adsorption on 1% V2O5/TiO2 with various sulfation
extents at ambient temperature. Intense NO adsorption peaks arise at 1622, 1574,
1502, 1285, 1222 cm-1 on the fresh 1% V2O5/TiO2 catalyst and are assigned to nitrate
species (Ramis and Busca, 1990). Intensities of NO adsorption peak decrease with
increasing sulfation, similar to tungsten and vanadia impacts.
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Figure 5.19 NO adsorption on 1% V2O5/TiO2 with various sulfation degrees at
ambient temperature
(1000 ppm NO, 10% O2, helium balance, total flow rate=95 ccm )
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Figure 5.20 NO adsorption on TiO2 with various sulfation degrees at ambient
temperature
(1000 ppm NO, 10% O2, helium balance, total flow rate=95 ccm )
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Illustrations of NO adsorption on TiO2 as a function of the extent of sulfation
appear in Figure 5.20. Consistent with 1% V2O5/TiO2, NO adsorption intensity on
TiO2 decreases with increased sulfation. On both samples, TiO2 and 1% V2O5/TiO2,
the 1500 cm-1 peak appears as the most sensitive adsorption band as it disappears
sooner than other bands; moreover, 24-hour sulfation does not decrease NO
adsorption to zero as 5% V2O5/TiO2 and high temperature at 380 ºC did. In summary,
sulfation inhibits NO adsorption, again possibly by competing for the same surface
sites.

5.2.2.4

Poison Effect

NO adsorption on fresh and potassium-doped 1% vanadia catalyst appears in
Figure 5.21.

0.7
0.6

1% V2O5/TiO2
0.5 K 1% V2O5/TiO2

Absorbance

0.5
0.4
0.3
0.2
0.1
0.0
1800

1700

1600

1500

1400

1300

1200

Wavenumber
Figure 5.21 NO adsorption comparison on fresh and potassium doped (K:V=0.5:1)
1% V2O5/TiO2
(1000 ppm NO, 10% O2, helium balance, total flow rate=95 ccm )
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Clearly, the presence of potassium on the vanadia catalyst surface weakens the
NO adsorption. The observations of the section (5.2.2) show that NO adsorption
occurs at ambient temperature on catalyst surfaces with various contents of vanadia,
tungsten, sulfate species, and poisons. This adsorption occurs only in the presence of
oxygen and gradually desorbs with elevated temperature. Vanadia, tungsten, sulfate
species, and poisons compete with NO adsorption, probably by occupying the same
surface sites, possibly the OH group, on which NO species adsorb.
NO and NH3 react on vanadia-based catalysts in SCR reactions, but vanadia
inhibits NO adsorption. The reaction mechanism adopted by most of the researchers
explains this phenomena (Busca et al., 1998). In the Eley-Rideal reaction mechanism,
weakly adsorbed or non-adsorbed (gas-phase) NO reacts with adsorbed ammonia
species. Therefore, NO adsorption appears to be non-critical to the reaction rate, but
ammonia adsorption or the amount of adsorbed ammonia should play an important
role, consistent with the fact that NO adsorption analyses indicate decreasing
adsorption with increasing vanadia (catalyst) content. However, NO adsorption does
provide important clues about reaction mechanisms. The following adsorption
experiments focus on the OH groups and implicates them as the probable NO
adsorption sites.

5.2.3

Surface OH Group Concentration
Comparison

5.2.3.1

Vanadia Effect

Figure 5.22 compares IR spectra collected on fresh and NO adsorbed pure TiO2,
and 1 and 2% V2O5/TiO2 catalyst wafers in three groups. The upper thicker spectra in
the three groups represent data collected on fresh catalysts, and lower lighter spectra
results from NO adsorbed samples. Major OH group peaks appear at 3700-3600cm-1,
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corresponding to free or non-bonded OH- stretching groups on fresh samples (Coates,
2000). Quantitative comparisons of these spectra on fresh samples are difficult in this
form. Integration of the peaks determines areas that indicate surface OH group
concentration and provides more meaningful quantitative results, as tabulated in Table
5.9. Surface OH- concentration decreases upon introduction of vanadia to the titania
surface over the range of vanadia concentrations studied (0-2%). This agrees with the
suggestion by that vanadia interacts with OH- groups present on the titania surface
(Topsøe, 1994; Topsøe et al., 1995; Topsøe et al., 1995).

Absorbance

1.5

TiO2
1% V2O5/TiO2
TiO2 with NO
1% V2O5/TiO2 with NO
2% V2O5/TiO2
2% V2O5/TiO2 with NO

1.0

0.5

0.0
3800

3750

3700

3650

-1

3600

3550

Wavenumber (cm )
Figure 5.22 OH group comparison on fresh TiO2, 1% V2O5/TiO2, and 2%
V2O5/TiO2
(90% helium, 10% O2, total flow rate = 50 ccm, ambient temperature)

83

5.2.3.2

OH group loss upon NO adsorption

Relative weak IR bands appear around 3720~3600 cm-1 upon NO adsorption on
TiO2, 1 and 2% V2O5/TiO2, as illustrated in Figure 5.22. The largest OH group loss
appears on TiO2, which also possesses the strongest NO adsorption. The intensity of
NO adsorption is proportional to the loss of OH groups. Table 5.9 summarizes
quantitative peak area losses of the free, OH-stretch concentration and its dependence
on NO adsorption. Peak areas and peak area losses are highly correlated. This
strongly suggests that NO occupies surface OH groups on both titania and vanadia
surfaces. Since titania possess the most abundant OH- group, it also exhibits the
strongest NO adsorption.

Table 5.9

Peak area comparison of surface OH- group at 3720-3600 cm-1, and
peak area losses of OH group at 3720-3600 cm-1 upon NO adsorption
on fresh TiO2 and vanadia catalysts
Peak are of 3710-3610 cm-1

Loss of peak area of OH
group at 3720-3600 cm-1

Pure TiO2

10.6

10.2

Fresh 1%
V2O5/TiO2

8.7

7.5

Fresh 2%
V2O5/TiO2

6.0

4.7

5.2.3.3

Sulfation Effect

Figure 5.23 illustrates the sulfation effect on OH- group concentration on titania
surfaces. The OH adsorption peak at 3740-3600 cm-1 almost disappears on both 0.5
and 24 hour sulfated TiO2, which indicates the sulfate species occupy the sites of the
surface hydroxyl group on the titania surface.
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Figure 5.23 OH group comparison on fresh and sulfated TiO2 at ambient
temperature
(90% helium, 10% O2, total flow rate = 50 ccm)

5.2.3.4

Discussion of surface OH group concentration
comparison

The current results coroborate indications from the previously discussed NO
adsorption investigations that both vanadia species and sulfate species attach on
titania surfaces at hydroxyl sites. NO adsorbs on titania and vanadia catalyst surfaces
through interaction with surface OH ־groups as well.

5.2.4

NH3 Adsorption

Ammonia adsorption is critical for a vanadia catalyst investigation because SCR
reactions follow an Eley-Rideal path in which ammonia is the adsorbed surface
species (Amores et al., 1997; Bartholomew and Farrauto, 2006; Busca et al., 1998;
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Ramis et al., 1990). Therefore, ammonia adsorption indicates the properties of active
sites. As will be seen, contrasts markedly with NO adsorption indications.

5.2.4.1

Vanadia Effect

1000 ppm ammonia in helium was adsorbed on fresh titania, and 1, 2, and 5 %
V2O5/TiO2 samples at ambient and elevated temperatures. Figure 5.24 compares
ammonia adsorption on the catalyst surface with vanadia contents from 0 to 5%.
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Figure 5.24 NH3 adsorption on TiO2, 1, 2 and 5 % V2O5/TiO2 at 50 ºC
(1000 ppm NH3, helium balance, total flow rate = 50 ccm)

Ammonia chemisorbed on Brønsted acid sites appears at about 1434 cm-1, while
coordinately adsorbed on Lewis sites appears at 1150-1200 cm-1 (Amores et al., 1997;
Busca et al., 1998; Pena, 2003; Ramis et al., 1990; Topsøe, 1994; Topsøe, 1991;
Topsøe et al., 1994a; Topsøe et al., 1994b). In adsorption bands of this intensity (far
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from saturated), the population/concentration of adsorbed ammonia scales with total
peak area and approximately with peak height. Only one observable ammonia
adsorption appears on titania, that is the peak at 1150 cm-1, indicating that Lewis acid
sites but not Brønsted acid sites exist on titania surface. A weak 1434 cm-1 peak,
representing chemisorbed ammonia on Brønsted acid sites, starts to appear on 1%
V2O5/TiO2, and this peak intensity increases with increasing vanadia contents from
1~5 wt%. On the other hand, the 1165 cm-1 peak, representing coordinately adsorbed
ammonia on Lewis acid sites, starts to decrease on 1% V2O5 catalyst compared to
TiO2, and continues with increasing vanadia contents.

Table 5.10 IR peak areas of 1435 cm-1and 1150-1200 cm-1 on 1, 2, and 5%
V2O5/TiO2, and TiO2.
Sample

IR peak area of 1435 cm-1

IR peak area of 1200 cm-1

5% V2O5/TiO2

60.0

0

2% V2O5/TiO2

35.3

3.0

1% V2O5/TiO2

9.8

19.8

TiO2

0

35.0

9%WO3/TiO2

25.2

7.7

1%V2O5-9%WO3/TiO2

27.9

2.0

Table 5.10 provides quantitative indications of the opposite trends of 1434 cm-1
and 1150-1200 cm-1 peak areas with increasing vanadia contents. The peak area of
ammonia Brønsted acid site adsorption increases substantially while the peak area of
ammonia Lewis acid site adsorption decreases significantly with increasing vanadia
content. Vanadia addition increases the concentration of Brønsted acid sites and
ammonia adsorption, probably by consuming Lewis acid sites on the catalyst surface.
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The increase in ammonia absorption with increasing vanadia content contrasts with
decreasing NO concentration with increasing vanadia content.

5.3.4.2

Tungsten Effect

Figure 5.25 illustrates ammonia adsorption intensity changes upon additions of
vanadia and tungsten species on titania surface. The bottom spectrum shows titania
only possesses Lewis acid sites, indicated by an intense 1172 cm-1 IR peak with a
peak area of 35 (Table 5.10).

2.0
1%V2O5-9%W / TiO2
9%W / TiO2

1%V2O5/ TiO2
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Figure 5.25 NH3 adsorption on TiO2, 1%V2O5/TiO2, 9%WO3/TiO2, and 1%V2O59%WO3/TiO2 at 50 ˚C
(1000 ppm NH3, helium balance, total flow rate = 50 ccm)

One percent vanadia introduces some Brønsted acid sites on titania surface,
indicated by a small peak at 1430 cm-1 with a peak area of 9.8, and reduces the Lewis
acid sites concentration since peak area of 1172 cm-1 reduces to 19.8. The existence of
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9% tungsten on titania apparently decreases the ammonia adsorption on Lewis acid
sites, as the corresponding peak area decreases to 7.7, probably because tungsten
consumes the Lewis acid sites; while increases the ammonia adsorption on Brønsted
acid sites substantially compared to the 1% vanadia results, as peak areas increase
from 9.8 (1 % vanadia) to 25.2 (9 % WO3 / Ti) at the same wavenumber, indicating
Brønsted acidity remains with tungsten addition. 1% V addition to 9% W over a
titania surface does not increase Brønsted acid site concentration significantly
compared to tungsten-laden, vanadium-free catalysts, as indicated by a slightly
increase of the 1434 cm-1 peak area from 25.2 to 27.9.
However, vanadia addition does significantly reduce Lewis acid site
concentration, with the 1200 cm-1 peak area decreasing from 7.7 to 2.0. The
wavenumber of ammonia adsorption on Brønsted acid sites on all samples appears at
1433 cm-1, indicating the same Brønsted acidity (bond strength) on all samples.

5.2.4.3

Sulfate Species Effect

Comparisons of ammonia adsorption IR spectra indicate similar ammonia
adsorption on fresh and sulfated 1, 2 and 5 % V2O5/TiO2, as illustrated in Figure 5.26
- Figure 5.28.
Two major ammonia adsorption peaks appear on fresh 1% V2O5/TiO2, as shown
in Figure 5.26. Peaks at 1601 cm-1 correspond to coordinately adsorbed ammonia on
Lewis acid sites, and peaks at 1440 cm-1 arise from ammonia chemisorbed on
Brønsted acid sites (Pena, 2003). 24-hour sulfated 1% V2O5/TiO2 contains a more
intense chemisorbed ammonia peak at 1440 cm-1, and a less intense peak at 1601 cm1

, the latter being negligible. Quantitative comparison of the 1440 cm-1 adsorption

peak areas on fresh and sulfated 1% vanadia catalysts appears in Table 5.11 and
demonstrates sulfation enhancement of ammonia adsorption on Brønsted acid sites,
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that is, 30 minutes of sulfation increases ammonia adsorption on Brønsted acid sites
by 150 %, and by 350 % after 24 exposure hours. Therefore, sulfation reduces the
number of Lewis acid sites, and increases the number but not the acidity (same IR
peak frequency before and after sulfation) of Brønsted acid sites on the titania surface.
It is possible that sulfate species transforms Lewis acid sites into Brønsted acid sites
on the titania surface.
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Figure 5.26 NH3 adsorption on fresh, lightly sulfated, and 24 hour sulfated 1%
V2O5/TiO2 at 20 ˚C
(1000 ppm NH3, helium balance, total flow rate = 50 ccm)

Table 5.11

1434 cm-1 IR peak area on fresh, light sulfated, and 24-hour sulfated
1% V2O5/TiO2 at 20 ºC

Sulfation degree

Fresh

30 minutes sulfation

24-hour sulfation

1433 cm-1 Peak area

11.3

25.9

50.8

150 %

350%

Peak area increase
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Figure 5.27 NH3 adsorption on fresh and 24 hour sulfated 2% V2O5/TiO2 at 20 ˚C
(1000 ppm NH3, helium balance, total flow rate = 50 ccm)
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Figure 5.28 NH3 adsorption on fresh and 24 hour sulfated 5% V2O5/TiO2 at 20 ˚C
(1000 ppm NH3, helium balance, total flow rate = 50 ccm)
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Two and 5% vanadia catalysts contain only chemisorbed ammonia on Brønsted
acid sites (1433 cm-1) on both fresh and sulfated samples, which both intensify after
sulfation. For instance, the IR peak areas at 1433 cm-1 increased by 350%, 100%, and
75% on 1, 2, and 5% V2O5/TiO2 respectively, after 24-hour sulfation. These results
further confirm that surface sulfate species reduce the number of Lewis acid sites and
increase the number of Brønsted acid sites. However, the strength of Brønsted acid
sites remains unchanged since the ammonia adsorption peak wavenumber remains
constant upon sulfation.

NH3 Adsorption as a Function of Temperature
Figure 5.29 illustrates IR spectra of 1000 ppm ammonia (helium balance)
adsorption on sulfated 1% V2O5/TiO2 at temperatures from 20-380 ˚C.
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Figure 5.29 NH3 adsorption on sulfated 1% V2O5/TiO2 at temperatures from 250380 ºC
(1000 ppm NH3, helium balance, total flow rate = 50 ccm)
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The intensity of the ammonia adsorption peak (1428 cm -1) decreases with
increasing temperature, indicating that ammonia gradually desorbs from the catalyst
surface as the temperature increases, and this desorption completes (or at least drops
instrument detection level) after the temperature reaches 300 ˚C, agreeing with
Topsøe’s observation (Topsøe, 1991). The sulfation peak (1372 cm-1) reappears at
380 ˚C, probably because the adsorbed ammonia modifies the sulfate sites such that
they do not vibrate with their characteristic frequency.

5.2.4.4

Poison Effect

Adsorption IR spectra from a 1000 ppm ammonia in helium flow on fresh and
potassium doped 1% V2O5 /TiO2 in Figure 5.30, with similar data on fresh and
poison-doped 1% V2O5 -9% WO3/TiO2 catalysts appears in Figure 5.31,. The
potassium doping ratio is 1 potassium atom for every two vanadium atoms for 1%
V2O5 /TiO2 and 1% V2O5 -9% WO3/TiO2 catalysts, referred to from now on as a 0.5
K-doped sample.
In Figure 5.30, the top line represents an IR spectrum of ammonia adsorbed on
fresh catalysts, and the bottom line represents NH3 adsorption on potassium-doped
catalysts. The adsorption peak at 1424 cm-1 represents Brønsted acid sites while the
peak at 1170 cm-1 represents Lewis acid sites (Pena, 2003; Topsøe et al., 1994a;
Topsøe et al., 1994b). Comparisons of ammonia adsorptions on fresh and poisoned 1
wt% vanadia catalysts indicate that potassium on the vanadia catalyst decreases the
intensities of ammonia adsorption on both the Brønsted and Lewis acid sites.
Table 5.12 summarizes quantitative trends in the amount of adsorbed ammonia
based on these data. Decreases of about 13% on the Brønsted acid sites are observed,
and along with decrease of 37% on Lewis acid sites for 1% V2O5/TiO2. In addition, K
addition decreases the Brønsted acid site bond strength (acidity) on the 1% V2O5/TiO2
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catalyst surface, but has a negligible effect on the Lewis acid site acidity because the
IR peak located at 1170 cm-1 remains essentially unchanged before and after K
addition.
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Figure 5.30 NH3 adsorption on fresh and K doped 1% V2O5/TiO2 at 50 ºC
(1000 ppm NH3, helium balance, total flow rate = 50 ccm)

Table 5.12 IR peak area comparison of various poisoned catalysts
Poison type

IR peak area
1428 cm-1 1200 cm-1

1%V2O5/TiO2

9.9

21.0

0.5 K 1%V2O5/TiO2

8.6

13.3

1%V2O5-9%WO3/TiO2

28.4

3.3

0.5Ca 1%V2O5-9%WO3/TiO2

19.4

0.5 Na 1%V2O5-9%WO3/TiO2
0.5 K1%V2O5-9%WO3/TiO2

IR peak area loss, %
1428 cm-1
1200 cm-1

13%

37%

1.4

32%

64%

13.6

1.0

53%

74%

8.5

1.0

70%

74%
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Figure 5.31 NH3 adsorption on fresh and K, Na, and Ca doped 1% V2O5 –
9%WO3/TiO2 at 20 ˚C
(1000 ppm NH3, helium balance, total flow rate = 50 ccm)

1000 ppm NH3 adsorption spectra on various poison-doped 1% V2O5 9%WO3/TiO2 appear in Figure 5.31. The major IR peaks on both fresh and poisondoped samples arise from ammonia adsorbed on Brønsted acid sites locate at 1427
cm-1. Weak ammonia adsorption occurs on Lewis acid sites (1200 cm-1), and this peak
remains less disturbed upon poisoning than the 1428 cm-1. The 1428 cm-1 peak
intensity follows the order of fresh catalyst > Ca doped > Na doped > K doped 1%
V2O5 -9%WO3/TiO2, as quantitatively indicated in Table 5.12. The basicity of Ca, Na,
and K follows Ca < Na < K, therefore, the decrease of the peak intensity of ammonia
adsorbed on Brønsted acid sites scales with basicity. That is, stronger bases form
stronger poisons based on ammonia adsorption. Potassium, the strongest poison
investigated, causes an IR peak intensity decrease of 70 %, followed by sodium at 53
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% and calcium at 32 %. On the other hand, all three poisons, K, Na, and Ca, reduce
1200 cm-1 peak intensities to approximately the same degree.
In addition to peak intensity, which scales with ammonia population, these
spectra illustrate peak shifts that scale with adsorption strength. Potassium-doped 1%
V2O5 -9%WO3/TiO2 also shows the largest downward shifts of ammonia adsorption
peaks (1427 cm-1) on Brønsted acid sites. Therefore, alkali metals potassium and
sodium not only reduce the amount but also the strength of Brønsted acid sites and the
extent of acidity reduction scales with the strength of metal basicities.
In summary, additions of vanadia, tungsten, and sulfate species to titania surface
enhance ammonia adsorption on Brønsted acid sites reflected by stronger adsorptions
at 1427 cm-1, and reduce coordinately adsorbed ammonia on Lewis acid sites
indicated by decreased intensity of 1200 cm-1 peak. Therefore vanadia, tungsten, and
suflate species increase the Brønsted acid sites population on catalyst surfaces. This
behavior contrasts strongly with NO adsorption. Poisons (K, Na, and Ca), on the other
hand, decrease ammonia adsorptions on both Brønsted and Lewis acid sites. This
decrease on Brønsted acid sites scales with the metal basicities, while intensity
reductions of ammonia adsorption on Lewis acid sites appear similar for all three
poisons K, Na, and Ca.

5.2.5

NO and NH3 Coadsorption

Transient IR spectra from 1000 ppm NO and 1000 ppm NH3 coadsorption on
2% V2O5/TiO2 catalyst at ambient temperature appear in Figure 5.32. Nitric oxide
adsorption first appears, as indicated by a strong NO adsorption peak at 1627 cm-1,
and small peaks at 1500, 1280, and 1220 cm-1. Those peaks correspond to nitrate
species, as discussed in a previous section. Ammonia adsorption was not detected at
the beginning of the test probably because ammonia adsorbes on stainless tubing (3
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meters long) first for about 10 minutes. The later appearance of ammonia in the
adsorption gas on catalyst surface gradually replaces NO adsorption as indicated by
decreasing NO adsorption peaks and growing ammonia adsorption peak at 1434 cm-1.
Therefore, in the presence of both ammonia and nitric oxide, ammonia adsorbs more
strongly on catalyst surfaces than nitric oxides, providing a support for an Eley-Rideal
reaction mechanism for SCR reaction.
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Figure 5.32 NH3 coadsorption on 2% V2O5/TiO2 at ambient temperature
(1000 ppm NH3, 1000ppm NO, 10% O2, helium balance, total flow
rate = 100 ccm)

5.2.6

NO Reduction Activity

The previous adsorption experiments provide essential background for
interpreting the kinetic rate investigations discussed in this section.
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5.2.6.1

Vanadia Effect

SCR tests on 5 and 2 % V2O5/TiO2 catalysts at 350 ˚C resulted in NO
conversions of about 80% and 72%, respectively, indicating vanadia content enhances
NO reduction activity. This trend is well established in the literature, but few
(possibly no) commercial catalyst vendors supply catalysts with anything other than
1% vanadia. The great majority of this discussion examines the impacts of other
components on nominal 1% vanadia catalysts.

5.2.6.2

Tungsten Effect

Kinetic investigations of SCR of NO with NH3 on 1 % V2O5-9 %WO3/TiO2
help determine intrinsic kinetic parameters. The non-linear least squares fit by Igor

25

3

NO reduction rate constant, k (cm /g•s)

Pro® of experimental results collected from 200 ˚C to 250 ˚C appear in Figure 5.33.
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Figure 5.33 Kinetic constant comparisons with confidence intervals of fresh,
lightly sulfated, and 24-hour sulfated 1% V2O5/TiO2, and fresh 1%
V2O5 – 9%WO3/TiO2 at temperatures from 200~300 ºC.
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The solid lines represent the curve fits based on the non-linear least squares
analyses for each conversion data set. The upper and lower dotted lines indicate the
95 % confidence interval for activity (k) at a given temperature. The confidence
intervals about the measured rates far more accurately indicate statistical significance
of measured differences than do the confidence intervals about the measured kinetic
parameters, as the latter can overlap significantly even when the rates are clearly
statistically different.
The parameters of such overly simplified, single-step reaction rate expressions
demand cautious interpretation, but there is a consistent if not entirely fundamentally
justified interpretation of these data. The results indicate that differences observed
among the samples are statistically significant. The 1% V2O5 – 9% WO3/TiO2 catalyst
exhibits about 3 times higher NO reduction activity than 1% V2O5/TiO2, and
possesses higher activity than 24 hour sulfated 1% V2O5/TiO2 catalyst by about 80 %.
The enhancement, by comparing the analyzed results of A and Ea illustrated in Table
5.13, is due to a larger A, the pre-exponential factor, which conceptually scales with
the number of active sites. The activation energy, on the other hand, remains
approximately unchanged, indicating the same reaction mechanism or at least energy
barrier occurs on all the samples. Therefore, tungsten addition to the vanadia catalyst
increases the amount or efficiency of active sites, with little impact on the reaction
mechanism. These kinetic data agree with the in situ IR spectra (Figure 5.25) that
tungsten creates more Brønsted acid sites without changing the acidity (the
wavenumber of Brønsted acid sites remain at 1433 cm-1 after addition of tungsten).
The correlation between the kinetic investigation and IR results indicates that
Brønsted acid sites but not Lewis acid sites are the active sites on the catalyst surface.
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Table 5.13

Kinetic parameter (A, Ea) comparisons of fresh, lightly sulfated, and
24-hour sulfated 1% V2O5/TiO2, and fresh 1% V2O5 – 9%WO3/TiO2

1 %V-9% WTiO2

24 hour sulfated
1% V/TiO2

lightly sulfated
1% V/TiO2

fresh 1% V/TiO2

A

6.3×105 ± 2.7×104

5.8×105 ± 1.1×105

3.0×105 ± 1.1×105

1.8×105 ± 1.5×105

Ea

4.6×104 ± 1.8×103

4.8×104± 3.5×103

4.6×104± 3.5×103

4.5×104± 3.5×103

Investigation of NOx reduction activity of 9% WO3/Ti clarifies the function of
tungsten in vanadia catalysts. Although the adsorption data show that tungsten
enhances ammonia adsorption on Brønsted acid sites substantially, tungsten itself
possesses nearly zero NOx reduction activity, as demonstrated in Figure 5.34, which
differs from Lietti et al’s TPSR observation that N2 and water generated upon NO
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NO reduction rate constant, k (cm /g•s)

introduction to ammonia preadsorbed 9% WO3/TiO2 (Lietti et al., 1996).
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Figure 5.34 Kinetic constant comparisons of 1%V2O5-9%WO3/TiO2,
1%V2O5/TiO2, and 9%WO3/TiO2.
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Catalyst with 1% vanadia over titania actively reduces NOx, and 9% tungsten
added to 1% vanadia over titania enhances catalyst activity significantly. All trends
are statistically significant. Combining these results with the spectroscopy results
provides clear evidence that tungsten enhances acid site population and increases
ammonia adsorption significantly but possesses no catalytic activity for NOx
reduction. Therefore, Brønsted acid sites alone, while an active participant of active
sites, could not provide catalytic activity for nitric oxide reduction with ammonia.

5.2.6.3

Sulfation Impact

Figure 5.33 illustrates measured NO kinetic rate data from fully (24-hour
exposure) sulfated, lightly sulfated (30-minuet exposure), and fresh 1% V2O5/TiO2
SCR catalysts. The solid lines represent the curve fits based on the non-linear-leastsquares analyses for each conversion data set. The upper and lower dotted lines
indicate the 95% confidence interval for activity (k) at a given temperature. The
results indicate that differences observed among the samples are statistically
significant. Typically, sulfation increases intrinsic activity by about 40% in these
tests. Furthermore, although k increases significantly upon catalyst sulfation, the
activation energy Ea remains statistically unchanged for sulfated and non-sulfated
samples, with Ea = 45000~48000 J/mol. The differences in the rate coefficients
appear primarily in the pre-exponential factor, A. Results of curve fitting show that
sulfated samples have larger pre-exponential factors (A = 5.8×105 and 3.0×105 cm3/g
s) than fresh samples (A = 1.8×105 cm3/g s).
In addition, the kinetic investigations agree with the in situ spectral results. As
indicated by the spectra, surface sulfation impacts the ammonia absorption on the
surface by providing more Brønsted acid sites without changing the site acidity. Thus,
opportunities for NH3-NO interactions increase, which is conceptually related to A. At
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the same time, the acidity and activation energy remain the same. Therefore, similar
to the tungsten effect, the correlation between the increase in the number of active
sites and pre-exponential factor A, and between Brønsted acid site acidity and
activation energy before and after sulfation suggests that Brønsted acid sites, while
not the active sites as suggested by zero NO reduction activity of 9% tungsten/titania,
play a closely coordinated role with the active sites for NO reduction with NH3. These
data strongly suggests a dual site or an interface type of mechanism for NO reduction.
Moreover, these data also confirm the interpretation from the field tests, in
which slight increases in activity occur after modest catalyst exposure. These data
indicate clear increases in activity with increasing sulfation. Commercial catalysts
deployed in coal-fired systems should sulfate rapidly (within 12 hours) whereas the
deactivation mechanisms require much longer, resulting in an initial increase followed
by a gradual decrease in catalyst activity.
Spectral investigations (Figure 5.26 - Figure 5.28) indicate that surface sulfation
decreases Lewis acid site concentrations but increases Brønsted acid sites
concentrations for all catalysts thus far discussed, confirming that catalytic activity
under commercial coal-based SCR conditions occurs primarily on Brønsted acid sites
and would be susceptible to decrease by basic impurities such as alkali and alkaline
earth oxides, chlorides, and alkali/alkaline earth sulfates.

5.2.6.4

Poisoning impact

Comparative intrinsic SCR activity for NO with NH3 reaction activity on 1%
V2O5 – 9% WO3/TiO2 vs. 0.5 K-, 0.5 Na-, and 0.5 Ca-doped 1% V2O5 – 9%
WO3/TiO2 in the in situ FTIR-MS reactor cell (ISSR) appear in Figure 5.35. The
indicated symbols represent measured NO rate data from fresh, potassium
(K:V=0.5:1), sodium (Na:V=0.5:1), and calcium-doped (Ca:V=0.5:1) 1% V2O5 – 9%
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WO3/TiO2 samples. The solid lines represent fits based on non-linear least squares
analyses for each data set. The upper and lower dotted lines indicate the 95%

3

NO reduction rate constant, k (cm /g•s )

confidence interval for activity (k) at a given temperature.
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Figure 5.35 Kinetic constants comparison with confidence intervals of fresh and
0.5 K, 0.5 Na, and 0.5 Ca doped 1% V2O5 – 9%WO3/TiO2

The additions of K, Na, and Ca greatly decrease the NO reduction activity of 1%
V2O5 – 9% WO3/TiO2, and these decreases follow the sequence of 0.5 K-doped < 0.5
Na-doped < 0.5 Ca-doped < fresh 1% V2O5 – 9% WO3/TiO2, demonstrating that K is
the strongest poison, followed in order by Na and Ca. The above sequence
qualitatively agrees with the IR spectroscopy results in that the poisoning degree is
proportional to impact on adsorbed ammonia, and both trends scale with the poison
basicities. This decrease becomes more predominant as temperature increases.
Moreover, the activity loss is approximately consistent with the loss of IR peak areas
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of ammonia adsorbed on Brønsted acid sites but not Lewis acid sites, as demonstrated
in Table 5.14 and Figure 5.36.

Table 5.14

NOx reduction activity loss of Ca, Na, and K doped 1% V2O5 –
9%WO3/TiO2catalysts at 250 and 240 ˚C

Poison type

Activity loss, %

IR peak area loss, %

240 ˚C

250 ˚C

1424 cm-1

1200 cm-1

Ca:V=0.5

28

26

32

64

Na:V = 0.5

52

56

53

74

K:V = 0.5

70

68

70

74

80
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Figure 5.36 Parity line plot of activity loss and IR peak area loss

This result indicates that catalysts lose NOx reduction activity in proportion to
the reduced number of Brønsted acid sites caused by occupation or neutralization by
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poisons. On the other hand, the activity losses are not proportional to Lewis acid site
concentrations, suggesting that Brønsted acid sites participated more actively in NOx
reduction cycles than Lewis acid sites, consistent with results of tungsten and
sulfation investigations.Pre-exponential factors (A) and activation energies (Ea)
obtained by non-linear least-squares fitting of fresh and contaminated catalyst data
appear in Table 5.15.

Table 5.15

Pre-exponential factor (A) and activation energy (Ea) comparison of
fresh and contaminated 1% V2O5 – 9%WO3/TiO2
1% V2O5 – 9%WO3/TiO2

Catalyst
Poison

0.5 Ca

0.5 Na

0.5 K

A

6.3×105 ± 2.7×104

4.6×105 ± 3.1×105

8.7×104 ± 3.4×104

5.0×103 ± 1.8×103

Ea

4.6×104 ± 1.8×103

4.6×104 ± 2.4×103

4.1×104 ± 1.7×103

3.0×104 ± 1.6×103

Comparison of these data before and after potassium, sodium, and calcium
addition indicates that poison introductions to the catalyst reduces values of both A
and Ea, which possibly explains the temperature dependence of the poisoning
mechanism observed in the field data. Potassium, sodium, and calcium additions to
1% V2O5 – 9%WO3/TiO2 cause a more significant effect on A than on Ea. Lower
values of A indicate that the number or efficiency of active sites was reduced,
probably due to poisons occupying or neutralizing some of the ammonia absorption
sites which then decreases the supply of adsorbed ammonia to the NO reduction
(active) site. Smaller Ea values suggest a change in the limiting activation energy,
which could be associated with a change in active sites acidity, and is consistent with
the downward-shifted wavenumber of the ammonia adsorption peak on Brønsted acid
sites. Smaller values of Ea lead to faster kinetic rates according to the Arrhenius Law
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(k = A*exp(-Ea/RT)). The net effect of reduced values of A and Ea indicates that the
effect of fewer active sites is more pronounced than that of the lower activation
energy. This kinetic investigation agrees with the adsorption results that poisons
deactivate the catalysts by decreasing the amount/efficiency and strength of active
sites, which probably are the Brønsted acid sites, and the extent of the decrease
follows the order of the basicity of the metal oxides. Moreover, both the IR results
and the kinetic investigation indicate alkali metals (K and Na) are stronger poisons
than alkaline earth metals (Ca).
In summary, the ISSR investigations suggest K, Na, and Ca poison the vanadia
SCR catalysts by decreasing the population and acidity of Brønsted acid sites.

5.2.7

Discussion of single effect results

Tungsten, sulfate species, and poison additions on vanadia-based catalysts all
impact activity in statistically significant ways over broad temperature ranges. Adding
these materials causes insignificant changes in surface areas, therefore the
corresponding activity appears do not arise from surface area variations.
Although vanadia and sulfate species suppress NO adsorption on catalyst
surfaces, they enhance the catalyst NOx reduction activities. Therefore, NO adsorption
appears not to impact activity or at least to impact it much less than ammonia
adsorption. In addition, ammonia adsorbs stronger on catalyst surface than nitric
oxides, as indicated in Figure 5.32. All of these observations support an Eley-Rideal
reaction mechanism for SCR reaction.
Additions of vanadia, tungsten, and sulfate species increase Brønsted acid site
populations while decreasing Lewis acid site concentrations on catalyst surfaces. NO
reduction activities increase with the increasing vanadia, tungsten, and sulfate
contents on catalyst surface. The correlation between Brønsted acid site concentration
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and catalysts NOx reduction activity indicates strongly that Brønsted acid sites
participate more actively than Lewis acid sites in SCR reactions. Additional evidence
comes from poisoning effects on ammonia adsorption and NOx reduction activity that
follow similar trends. Specifically, catalyst activity reduction is proportional to the
reduction of ammonia adsorption intensities on Brønsted acid sites, indicating K, Na,
and Ca poison vanadia catalyst since they neutralize or destroy Brønsted acid sites
that actively participate in the reaction. However, Brønsted acid sites alone do not
catalyze NOx reduction, as demonstrated in Figure 5.34.
Both CCS and ISSR data illustrate the strong potential poisoning impact of K,
Na and Ca on catalysts when such contaminants intimately contact the catalyst surface
by either directly mixing them into the catalyst preparation, or by deposition on
commercially exposed catalysts. The current investigation illustrates that surface
sulfation increase activity, and explains the 2063-hour-exposed M1 and M2 exhibited
slightly higher NO reduction activity than the corresponding fresh catalysts since
sulfate built up on the catalyst surface during the exposure as demonstrated from
ESEM data.

5.3

Lab-Prepared Catalyst InvestigationCoupled Factor Effects
Commercial vanadia catalyst contains typically 1% vanadia and 9% tungsten.

Such catalysts react with flue gases from coal firing and biomass-coal co-firing
boilers that usually contain sulfur and poisons, suggesting sulfation and poisoning of
catalyst exposed to sulfur-laden gases are both possible. The field test data reviewed
at the beginning of this section confirm both sulfation and poisoning of such catalysts.
The previous section of this report explored primarily single factor impacts on catalyst
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performance. This section discusses coupled effects, that is, effects in which two or
more individual factors, such as sulfation and poisoning vary.

5.3.1

Tungsten – Poison Coupling

Figure 5.37 compares chemisorbed ammonia on Brønsted acid sites on fresh 1%
V2O5/TiO2, 1% V2O5 -9% WO3/TiO2, and poisoned 1% V2O5 -9% WO3/TiO2
catalysts. The 1428 cm-1 peak areas of Ca- and Na-doped 1% V2O5 -9% WO3/TiO2 are
larger than that of fresh 1% V2O5/TiO2, and the K-doped peak size is similar to that of
fresh 1% V2O5/TiO2.
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Figure 5.37 Ammonia adsorption on fresh 1% V2O5 / TiO2, 1% V2O5-9%
WO3/TiO2, 0.5 Ca, 0.5 Na, and 0.5 K doped 1% V2O5-9% WO3/ TiO2
(1000 ppm NH3, helium balance, total flow rate = 50 ccm, ambient
temperature)
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Table 5.12 tabulates the 1424 cm-1 IR peak area for each catalyst. These data
indicate that tungsten substantially increases Brønsted acid site concentration and can
somewhat compensate for poisoning impacts of alkali and alkaline earth metals.
Moreover, tungsten helps to protect Brønsted acid sites on the vanadia catalyst.
The 1428 cm-1 IR peak, which represents ammonia adsorption on Brønsted acid sites,
shifts slightly to lower wave numbers on the 1% V2O5/TiO2 catalyst upon addition of
potassium as illustrated in Figure 5.30, but this shift occurs to a much smaller degree
on poison-doped 1% V2O5 -9% WO3/TiO2, as indicated by Figure 5.37. This indicates
that K addition decreases the Brønsted acid site strength (acidity) on the 1%
V2O5/TiO2 catalyst surface, but has little effect on the Brønsted acid site strength on
the 1% V2O5 -9% WO3/TiO2, presumably because tungsten helps to protect Brønsted
acid sites on the vanadia catalyst. On the other hand, poisons show negligible effects
on the Lewis acid site population and strength because the IR peak located at 1170
cm-1 remains essentially unchanged before and after poisons addition.
Figure 5.38 illustrates the impact of tungsten on activity and response to
poisons. As indicated, tungsten greatly increases activity relative to similar nontungsten-containing catalysts, consistent with the spectroscopy data that indicate
tungsten increases adsorbed ammonia concentrations. Poisoning of tungstencontaining catalysts is less severe than that of non-tungsten containing catalysts. For
example, at 535 °C, 0.5 K:V poisoning decreases tungsten-containing catalyst activity
by about a factor of 4 whereas it decreases activity of the catalyst without tungsten to
essentially zero. Therefore, tungsten greatly enhances vanadia catalyst resistance to
poisoning, consistent with the literature (Chen and Yang, 1992).
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Figure 5.38 Kinetic constant comparisons with confidence intervals of fresh and
0.1K doped 1% V2O5/TiO2, and fresh 0.5 Ca, 0.5 Na, and 0.5 K doped
1% V2O5 – 9%WO3/TiO2

These new data are significant in that the widely cited impacts of alkali metals
on catalysts reviewed earlier and illustrated in Figure 2.5, in which the catalysts
neither contained tungsten nor were sulfated, possibly exaggerate poisoning impacts
in commercial catalysts (essentially all of which both contain tungsten and are at least
partially sulfated when used in coal systems). There is no doubt that alkali metals
remain serious poisons, but practical catalysts should be able to resist such poisoning
largely than had been previously outlined in the literature.

5.3.2

Sulfate – Vanadia Coupling

There are conflicting views in the literature as to whether vanadium species on
the catalyst sulfate in SO2 laden flows (Amiridis et al., 1996; Choo et al., 2000; Dunn
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et al., 1998a; Orsenigo et al., 1998). A series of ISSR investigations conducted on labprepared fresh and sulfated vanadia catalysts provides surface-adsorbed species
identification and largely resolves this issue.

5.3.2.1

Sulfation Sites Identification

A series of twenty-four-hour sulfation investigations focused on the extent of
vanadia and titania sulfation in an SO2-laden, alternately dry and moist environment
involved TiO2, 2% V2O5/TiO2, and 5% V2O5/TiO2.samples. In situ IR spectra
collected during sulfation monitor the changes in adsorbed surface species, which
reflects the SO2 interaction with surface sites. XPS analyses provided the surface
chemical compositions and elemental oxidation states of fresh, dry and wet sulfated
TiO2, 2% V2O5/TiO2, and 5% V2O5/TiO2. During sulfation experiments, all samples
were first pre-oxidized and then exposed to oxidizing, SO2-laden environments
(nominal 10-12% oxygen and 0.27% SO2) varied from dry to moist (nominal 1.88%
moisture) flows at 380 ºC. Details of these sulfation experiments appear in Table 5.16.
Both in situ transmission FTIR spectroscopy and post situ XPS analyses provide data
regarding the extent of surface sulfation. The FTIR spectra suggest that the intensity
of the sulfate peak on vanadia catalysts, an indication of surface sulfate content,
decrease with increasing vanadia content on catalyst surfaces. The XPS surface
elemental concentration analyses agree with FTIR results. Furthermore, XPS analyses
illustrate that the vanadia oxidation state is 5+ and remains unchanged upon sulfation.
This indicates no vanadyl sulfate, with vanadia oxidation state of 4+, forms on the
vanadia catalyst surface. Discussion regarding each investigation appears below.
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Table 5.16
Sample
Name

VTOD

VTOF
TiO7

Sulfation conditions for TiO2, 2 and 5% V2O5/TiO2 under both wet and
dry conditions

Sample
Details

Notes

Gas Stream Composition, %
He

O2

Preoxidation

88.2

11.8

24 Hour Sulfation

89.01

10.72

Preoxidation

88.2

11.8

24 Hour Sulfation

89.01

10.72

Preoxidation

88.2

11.8

24 Hour Sulfation

89.01

10.72

Preoxidation

88.2

11.8

24 Hour Sulfation

87.33

10.51

Preoxidation

88.2

11.8

24 Hour Sulfation

87.33

10.51

Preoxidation

88.2

11.8

24 Hour Sulfation

87.33

10.51

SO2

Flow
(sccm)

Temp
(°C)

0

56.7

380

0

62.3

380

0

56.7

380

0

62.3

380

0

56.7

380

0

62.3

380

0

56.7

380

1.88

63.54

380

0

56.7

380

1.88

63.54

380

0

56.7

380

1.88

63.54

380

H2O

5% V2O5/TiO2
0.27

2% V2O5/TiO2
TiO2

5% V2O5/TiO2
VTHF
2% V2O5/TiO2

0.27

0.27

0.267

VTHG

TiO5

0.267

TiO2
0.267

5.3.2.1.1 In situ FTIR Investigation
Sulfate Peak Identification

During sulfation, only one new peak located at around 1370 cm-1, appears in the
IR spectra of all the samples, including 0, 2, and 5% V2O5/TiO2. Figure 5.39
illustrates the IR confirmation of this single peak formed during the sulfation of 5%
V2O5/TiO2. Literature sources designate this peak as a S=O stretching mode of the
surface sulfate (Choo et al., 2000; Dunn et al., 1998a; Jung and Grange, 2000; Yang et
al., 1998). This single sulfation peak forms on all samples tested (TiO2, 2 and 5%
V2O5/TiO2) during both dry and wet sulfation.
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Figure 5.39 IR spectra comparison of 5% V2O5/TiO2 before and after sulfation
(90% helium, 10% O2, total flow rate = 50 ccm, ambient temperature)

Figure 5.40 illustrates an example of in situ IR spectra collected during the 24
hour dry sulfation of 5% V2O5/TiO2. In situ IR spectra of TiO2, 2 and 5% V2O5/TiO2
collected during 24-hour wet and dry sulfation appear in Appendix G. Corresponding
sample identifications and conditions appear in Table 5.16.
In Figure 5.40, spectra are offset vertically with time for clear comparison. The
sulfate peak intensities and positions remain the same from the first hour to the last 24
hour sample during dry sulfation. Therefore, fast sulfation occurs on 5% V2O5/TiO2
and further SO2 exposure beyond one hour creates no apparent increase in surface
sulfation. The sulfate peak area of 24 hour sulfated 5% V2O5/TiO2 is 17.33.
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Figure 5.40 Time-dependent, in situ FTIR spectra of a 5% vanadium catalyst
during sulfation
(2700ppm SO2, 10% O2, helium balance, total flow rate = 62 ccm)
(see VTOD in Table 5.16 for details of experimental conditions). Ordinate is offset
for each time.

Sulfation also occurs fast on wet sulfated 5% V2O5/TiO2, and slows down with
decreasing vanadia or increasing titania contents. Sulfate peak intensities, however,
increase with decreasing vanadia content by comparing the entire experimental suite
of sulfate peaks collected during dry and wet sulfation.
Sulfate Peak Intensity Variation with Vanadium Content

Figure 5.41 illustrates the comparison of sulfate peak areas after 24-hour
sulfation, which provides the most quantitative indication that the extent of sulfation
decreases with increasing vanadia content on the catalyst surface. This observation
indicates that vanadia sulfates less significantly than titania and probably does not
sulfate at all. The sulfate species possibly do not form on the vanadia sites, but
competes for the same titania sites, surface OH groups, as suggested from previous
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results (Section 6.2.2.3). Sulfate species growing on OH groups on titania sites instead
of vanadia sites also explains variations in sulfation saturation speeds. 5 and 2%
V2O5/TiO2 possess fewer available OH groups than the pure titania support (Section
6.2.2.1), therefore surface sulfate species development reach saturation much faster on
vanadia catalysts than on titania surface. Titania provides more available sulfate
species interaction sites and sulfation progresses gradually as reflected by increasing
sulfate peak intensities with time. In addition, vanadia catalyzes SO2 conversion to
SO3, and SO3 is much more reactive than SO2 (Bartholomew and Farrauto, 2006).
SO3 production decreases with decreasing vanadia concentration, leading to slower
surface sulfation.
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Figure 5.41 Sulfate peak area comparison with various vanadia contents.
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Water Effect on Sulfate IR Peak

Water vapor may cause the IR sulfate peak to become inactive in an IR
spectrum. The 1375 cm-1 sulfate peak disappears as water vapor reacts with sulfated
vanadia catalyst at 375 ˚C in helium without gas-phase SO2, and reappears after
dehydration with no further SO2 introduction. Therefore, water definitely diminishes
the IR activity of the sulfate peaks for these samples at this wavenumber without
actually removing sulfate.
The reason for the change in peak intensity could be that water forms hydrated
sulfates on the surface and therefore changes the sulfate structure, altering the
vibration mode of hydrated sulfate, and resulting in a the decrease of sulfate IR peak
area near 1375 cm-1. Yang et al. (1998) and Saur et al. (1986) suggest that the
structure of sulfate on the titania surface is (M-O)3S=O under dry conditions, and
changes to bridge bidentate (M2SO4)H under wet conditions based on their isotope
exchange and IR results. This explains why the 1375 cm-1 sulfate peak in IR spectra,
which is the S=O vibration, diminishes to some degree after water introduction, as the
S=O bond changes to an S-O2H, as shown in Figure 5.42.
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O
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M
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OH
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O + H2O

OH
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O
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O

O
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O

H
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Figure 5.42 Sulfate transformations between dry and wet conditions

5.3.2.1.2 XPS Analysis Comparison
The XPS technique measures elemental composition and oxidation states of
near-surface layers (10 nm). Results of XPS analyses for all six samples examined in
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the ISSR after 24-hour exposure to dilute SO2 (three in the absence and three in the
presence of water vapor) appear in Table 5.17. The second column of the table
identifies the element and its electronic orbital analyzed by XPS.

Table 5.17 XPS results from two replicates
Sample
5% V
Sulfation
without
water
2% V
Sulfation
without
water
Titanium
dioxide
Sulfation
without
water

Elements
C1s
O1s
S2p
Ti2p
V 2p3/2
C 1s
O 1s
S 2p
Ti 2p
V 2p3/2
C 1s

B.E.
285.00
533.99
168.46
458.19
516.72
285.00
533.74
168.97
458.16
516.36
285.00

Atom %
24.2
56
1.5
16.5
3.3
8.3
67.7
2.1
20.9
1.9
8.7

O 1s
S 2p
Ti 2p

529.48
168.47
458.42

66.4
2.8
23.2

Sample
5% V
Sulfation
with
water
2% V
Sulfation
with
water
Titanium
dioxide
Sulfation
with
water

Element
C 1s
O 1s
S 2p
Ti 2p
V 2p3/2
C 1s
O 1s
S 2p
Ti 2p
V 2p3/2
C 1s

B.E.
285.00
533.39
168.55
458.14
516.68
285.00
530.63
169.25
458.72
517.24
285.00

Atom %
5.3
65.8
2.8
20.2
3.3
10.1
65.2
2.4
20.2
2.1
10.2

O 1s
S 2p
Ti 2p

530.48
169.50
459.50

70.7
3.4
15.6

The sulfur binding energies of all six samples appear around 168.5~169.5 eV.
The change in the binding energies (BE) of sulfur in the XPS analysis is insignificant,
with the small differences attributable to instrument responses during the
measurement. Therefore, sulfur in all three samples should be in the same oxidation
state. Moreover, the binding energy around 168.5~169.5 eV indicates that sulfur
species on the catalyst surface should be sulfate, which forms during sulfation on both
titanium dioxide and vanadia-containing titanium dioxide catalysts under both dry and
wet conditions. No other sulfur compounds form. This conclusion agrees with the in
situ FTIR results that also indicate only one sulfate species, which is more related to

titanium dioxide than vanadia, appears on the surface of samples during sulfation.
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Sulfur content versus vanadia concentration on the catalyst surface from XPS
analyses appears in Figure 5.43.
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Figure 5.43 Sulfur content on TiO2 and V2O5/TiO2 as determined by XPS

Surface sulfur concentrations measured by XPS are significant for all six
samples. A general linear trend of decreasing sulfur coverage with increasing
vanadium content is apparent for samples sulfated in the absence and presence of
water vapor (with the exception of a slight upturn in sulfur content for the sample of
highest vanadium content generated with moist gas). This result agrees with the
observation from in situ FTIR analyses, where the peak featured at 1370-1375 cm-1 in
the FTIR spectra, decreased with increasing vanadia content on the catalyst surface.
This peak is essentially not present on 5% vanadia catalyst during and after the
sulfation moist test. Therefore, XPS results also indicate that vanadia species do not
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favor sulfation and are in nearly quantitative agreement regarding the extent of
surface sulfaton with the FTIR results. Two replicates of the XPS results showing a
slight increase in sulfation of 5% vanadia catalyst under wet conditions showed
similar results, but these results are not in agreement with either the FTIR spectra or
the idea the trend of the remaining data. Some speculation regarding this trend based
mostly on literature reports is offered here.
Vanadia may appear as a mobile species on the catalyst surface because of the
surface structures and oxidation state of vandia species (Briand et al., 2004; Wachs,
1997; Wachs, 2005; Wachs et al., 2000; Wachs and Weckhuysen, 1997). The
dynamic properties of supported vanadia species depend on the moisture content and
temperature (Wachs and Weckhuysen, 1997). Supported metal oxide atoms begin to
diffuse significantly when temperature rises above its Tammann temperature (TTAM=
~ ½ TMP where TMP is the metal oxide melting point) (Wachs et al., 2003; Wang et al.,
1999). The tamman temperature of the supported vanadia species is 209 ˚C (melting
point is 690 ˚C for V2O5). Therefore, under typical SCR catalytic reaction conditions
(250-450 ˚C), the surface (V+5) species may become mobile. In additions, supported
surface vanadia species exists as a liquid phase at high temperatures (above 400 ˚C)
during the catalysis of sulfuric acid production (Bartholomew and Farrauto, 2006).
With relatively high vanadia concentration (5%) on the catalyst surface, it may
become easier for the vanadia species to agglomerate in the presence of water, and
more titania surface sites are exposed and available for the sulfate species,
consequently greater concentration of sulfate species formed under wet sulfation than
dry sulfation.
The significantly higher surface sulfur contents for the samples sulfated in the
presence of water vapor indicate that water apparently promotes accumulation of
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sulfur on both the titania support and vanadia catalyst, especially above 2% percent
vanadia content, although water reduces sulfate IR peak intensities. The IR peak
reduction results from shifting IR peak vibrations with water absorption, as previously
discussed. There is not fundamental disagreement between these results, just an
illustration of how measurements of the same phenomenon by different techniques
leads to additional insight into a process.
Vanadium on an unsulfated SCR catalyst exists as vanadia, or vanadium
pentoxide (V2O5), with vanadium in a +5 oxidation state. Thermochemical
equilibrium predictions suggest that vanadium in the presence of gas-phase SO2 forms
vanadyl sulfate (VOSO4) in which the oxidation state of vanadium is +4, indicated in
Figure 5.44. Vanadium sulfate (V(SO4)2), predicted to exist at higher temperatures in
the presence of gas-phase SO2, also includes vanadium in the +4 oxidation state.
Therefore, all reasonably expected sulfation products of vanadium pentoxide reduce
the vanadium oxidation state from +5 to +4. The energy differences in these forms of
vanadium are small, and vanadium’s capacity to shift easily and rapidly between these
oxidation states is a key to its role in the catalyst, as discussed later. However, the
focus of this discussion is on the possible formation of sulfated vanadium species.
X-ray photon spectroscopy (XPS) measures surface composition as well as
oxidation state, the latter indicated by binding energy. XPS results (Figure 5.45)
identified that both sulfated 2% and 5% vanadia catalysts, whether sulfated under wet
or dry conditions, include vanadium in a +5 oxidation state. Therefore, XPS results
consist with the spectroscopy results and indicate that vanadia does not sulfate.
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Figure 5.44 Thermochemical equilibrium predictions of vanadium sulfates and
calcium sulfates
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Figure 5.45 XPS binding energies for wet and dry sulfated vanadia catalysts

The existence of the surface vanadium in a non-equilibrium state is not
surprising for several reasons. These include; (1) the system is actively reacting, or at
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least catalyzing reactions, and therefore possibly not in equilibrium, although it could
be in local equilibrium; (2) the thermochemical properties used to predict the
equilibrium condition are based on bulk samples – small surface grains introduce
forces on the compounds that can and commonly do shift equilibrium from the bulk
condition; and (3) the prediction does not include non-ideal interactions or other
features that could compromise its accuracy.

5.3.2.2

Discussion of sulfation results

The feature at 1370-1375 cm-1 in the FTIR spectra represents an S=O stretching
of sulfate species on the catalyst surface and is only mildly influenced by the cation of
the sulfate species. Jung and Grange (2000) suggested that the S=O structure is a
prerequisite to the generation of acidic sites on sulfate-promoted oxide samples. A
decreasing S=O surface concentration with increasing sulfur content on the surface
could be due to the generation of polynuclear sulfate species at the expense of isolated
sulfate species. However, comparison of FITR spectra and XPS results indicates that
the S=O stretching peak intensities are essentially proportional to sulfur
concentrations measured by XPS techniques (Figure 5.41 and Figure 5.43), if one
accounts for the impact of hydration in decreasing the apparent sulfur concentration
without decreasing the actual sulfur concentration. Moreover, no other IR identifiable
sulfur appears in IR spectra or is implied in XPS results in this investigation.
On the other hand, the current sulfation results are consistent with the literature
that reports similar trends of decreasing FTIR sulfate peak intensity with increasing
vanadia concentration (Amiridis et al., 1996; Dunn et al., 1998a; Jung and Grange,
2000). Dunn et al. (1998a) also observed that the surface concentration of sulfate
species, as reflected by the intensity of the 1373 cm-1 band, dramatically decreases
with increasing coverage of the surface vanadia species, and the molecular structure
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of the surface vanadia species was only slightly perturbed by the presence of sulfur.
They further concluded that surface sulfate species adsorb on the most basic support
hydroxyl species. In addition, Choo et al. (2000) claimed that surface vanadate
species titrate both basic and neutral support hydoxyls, forming a complete closepacked monolayer. Amiridis et al. (1996) speculated that the decrease in sulfate
species with surface vanadia concentration might derive from a repulsive interaction
between vanadyl and sulfate species, and their ICP analysis was consistent with a
decrease in surface sulfate with increasing surface vanadia, as XPS analyses agree
with FTIR observations in this investigation. However, Orsenigo et al. (1998)
compared catalyst sulfation effects on NOx reduction and SO2 oxidation and
suggested that sulfation occurs first at vanadia sites, then on titania and tungsten sites.
The reasons appear as follows: (1) Vanadia sites are recognized as the active element
for the SO2 oxidation reaction. (2) Short-term (few hours) sulfation enhances NOx
reduction activity but no further increase was observed with the continued sulfation,
although SO3 effluent concentration progressively increased with time (24 hours).
Therefore, they suggested sulfate species form first at or near vanadium sites, then
later at titanium or tungsten sites, which causes the slow increase in the concentration
of SO3 at the reactor exit but has no effect on the NOx reduction. However, no specific
surface analyses regarding sulfation sites appeared in these investigations. Data in
previous investigations indicate that sulfation enhances NOx reduction activity both in
short and long term, as illustrated in the sulfation impact section. Therefore, the
current FTIR results agree with much of the literature (Amiridis et al., 1996; Dunn et
al., 1998a; Jung and Grange, 2000) and XPS analyses, and provide additional
evidence that surface titania sites (surface OH groups on titania surface which also
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provide locations for vanadia species interaction) form stable sulfates in SO2-laden
flows instead of vanadia sites.

5.3.3

Statistical Investigation of Poisoning and
Sulfation

The previous experiments established (a) the role of Brønsted acids in SCR
reactions, (b) the importance of surface sulfation, (c) the adsorption sites for
ammonia, and how these change with changing vanadia content and sulfation, (d)
kinetic and mechanistic investigative techniques, and (e) the potential poisoning
impacts of alkali- and alkaline-earth-based compounds on SCR reactions. The
complexity of the catalyst composition increased systematically from pure titania to
include vanadium loadings of several levels, sulfation at various degrees, and several
poisons, each at several levels. Having established mechanisms and rates for simple
systems, this section of the investigation pursues poisoning impacts on catalysts with
all the complexity of commercial systems and practical operating conditions.
A discussion of the complete factorial design to provide statistical investigation
of poisons (K, Na, and Ca) and their interactions and the fractional factorial subset of
this design appears in the section of experimental design Appendix D. The important
conclusions from this large matrix of experiments are evident in Figure 5.46. As the
data suggest, each of the individual poisons and the individual effect of sulfation are
statistically significant, meaning that the change in behavior associated with these
individual effects is large compared with the uncertainty in the data. On the other
hand, interactions among some poisons are approximately additive, that is,
k0.25Na+0.25K = ½ k0.5Na + ½ k0.5k, indicating there is no significant interaction
parameter between Na and K. The same is true of all other poison-poison interactions.
Therefore, the above results demonstrated the lack of a binary interaction between
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poisons, justifying the fractional factorial design illustrated in Table 4.3and Table
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Figure 5.46 Double poisoned catalyst vs. single poisoned 1%V2O5-9%WO3/TiO2

However, the combined effects of each alkali poison and sulfation differ
statistically from the combination of the individual effects alone. That is, sulfation
significantly enhances NOx reduction activities of potassium- and sodium- but not
calcium- contaminated catalysts. Therefore, the combined effects of sulfation and
potassium differ by a statistically significant amount from what would be anticipated
based on the individual effects of potassium and sulfation. The same is true of sodium
but not of calcium.
Table 5.18 - Table 5.20 summarize the statistical analysis of these designed
experiments. The fractional factorial design in Table 5.18 includes all single factor
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impacts (Na, K, Ca, S. T), and all interactions with sulfur and temperature (K-S, NaS, and Ca-S, K-T, Na-T, Ca-T, and S-T).

Table 5.18 Statistical design with responses
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Mean
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

X1

X2

X3

X4

X5

K
-1
1
-1
-1
-1
1
-1
-1
-1
1
-1
-1
-1
1
-1
-1

Na
-1
-1
1
-1
-1
-1
1
-1
-1
-1
1
-1
-1
-1
1
-1

Ca
-1
-1
-1
1
-1
-1
-1
1
-1
-1
-1
1
-1
-1
-1
1

SO4
-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1
1
1
1

Temp
-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1
1
1
1
1

X1X4
1
-1
1
1
-1
1
-1
-1
1
-1
1
1
-1
1
-1
-1

X2X4
1
1
-1
1
-1
-1
1
-1
1
1
-1
1
-1
-1
1
-1

X3X4
1
1
1
-1
-1
-1
-1
1
1
1
1
-1
-1
-1
-1
1

X1X5
1
-1
1
1
1
-1
1
1
-1
1
-1
-1
-1
1
-1
-1

X2X5
1
1
-1
1
1
1
-1
1
-1
-1
1
-1
-1
-1
1
-1

Table 5.18 Continued
Y1
13.4
3.3
6.1
9.3
14.2
6.8
11.4
13.1
15.1
5.4
7.2
13.0
16.9
8.0
14.0
10.6

Y2
12.9
3.4
6.3
9.3
14.0
6.1
11.4
12.9
16.0
5.2
6.9
13.1
17.5
7.9
13.7
12.2

Y3
13.1
3.9
6.4
9.0
13.9
7.4
11.5
14.0
15.0
5.2
6.9
12.4
16.9
7.3
13.8
11.3

Y4
12.0
3.7
6.3
8.8
13.9
5.8
11.2
12.0
15.5
5.2
6.9
12.8
17.6
8.1
13.9
12.9

Y5
13.1
4.3
5.8
9.0
14.6
7.1
11.6
12.4
15.4
4.9
7.2
12.1
16.8
7.6
14.1
12.4

Y6
12.5
4.4
5.8
7.6
14.7
6.3
11.4
12.4
15.7
4.8
7.2
12.1
16.7
8.0
13.8
11.2
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Y7
11.8
3.8
5.9
6.9
13.6
6.8
11.0
12.9
16.7
5.0
6.7
12.5
17.1
8.1
14.0
11.2

YAve
12.7
3.8
6.10
8.5
14.1
6.6
11.4
12.8
15.6
5.1
7.0
12.6
17.1
7.9
13.9
11.7

Ln (Y)
2.5
1.3
1.8
2.1
2.6
1.9
2.4
2.5
2.7
1.6
1.9
2.5
2.8
2.1
2.6
2.5

X3X5
1
1
1
-1
1
1
1
-1
-1
-1
-1
1
-1
-1
-1
1

X4X5
1
1
1
1
-1
-1
-1
-1
-1
-1
-1
-1
1
1
1
1

The values -1 and 1 represent low and high levels for each factor, specifically -1
stands for low level or zero content, and 1 indicates positive contents of each factor in
catalyst composition. The value Y stands for responses and represents kinetic
constants obtained on various catalysts at 240 ˚C and 250 ˚C. A total of 16
experimental conditions form the basis of the kinetic investigations, with 7 replicates
at each condition.
A standard statistical analysis of this type presumes a linear model of response
versus individual effects and their joint impacts, and suffers from several important
limitations. First, the impacts of the individual effects cannot be linear. If they were,
the reactivity would eventually become negative as poison concentration increases, a
physically meaningless result. Second, the impacts of some of the effects, notably
temperature, theoretically follow trends poorly described by this linear model, namely
an Arrhenius dependence. The conceptual conclusions regarding significance of
effects are valid, but the implied underlying linear model that describes these effects
is not.
A more meaningful but largely empirical model of reactivity dependence on the
various effects appears below.
ln(

k
) = β1K + β 2Na + β 3Ca + β 4S + β 5T + β 6 (K : S ) + β 7 (Na : S )
k0

+ β 8 (Ca : S ) + β 9 (K : T ) + β10 (Na : T ) + β11 (Ca : T ) + β12 (S : T )
where, K, Na, Ca, S, and T represent corresponding levels.
According to equation 16, ln(Y) applies for the responses in the statistical
analysis using SAS software with the help of Dr. Eggett and Paul Martin from
Statistic Department, and results appear in Table 5.19 and Table 5.20.
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(16)

Table 5.19 Factor significance analyses
Source
K
Na
Ca

DF
1
1
1

SS
13.15
3.35
1.04

Mean Square
13.15
3.35
1.04

F Value
2347.73
598.71
186.02

Pr > F
< 0.0001
< 0.0001
< 0.0001

SO4

1

2.51

2.51

447.76

< 0.0001

K × SO4

1

0.5

0.5

89.29

< 0.0001

Na × SO4

1

1.05

1.05

187.69

< 0.0001

Ca × SO4
Temp
K × Temp

1
1
1

0.01
0.29
0.01

0.01
0.29
0.01

2.18
50.91
1.82

0.1429
< 0.0001
0.1803

Na × Temp
Ca × T

1
1

0
0

0
0

0.75
0.72

0.3894
0.3967

SO4 × T

1

0.1

0.1

18.48

< 0.001

The last column in Table 5.19 represents the probability value, pr, of each
factor. If p is less than 0.05, the data indicate that the corresponding factor possesses a
statistically significant effect on the response (reaction kinetics). Therefore,
comparisons of p value of each single factor indicate that the effects of K, Na, Ca,
poisons, sulfation, and temperature possess independent statistically significant
influences on catalyst NO reduction activity. The data also indicate that interactions
between some poisons and sulfates appear significant, with the exceptions being the
interactions between Ca and sulfate.Interactions between poisons and temperature
appear insignificant, but interactions between sulfate and temperature can not be
neglected. These results generally consist with data in Figure 5.46.
Accordingly, Equation 16 implies that
⎡
⎛
Na
K
Ca
S⎞
Na ⎛
S⎞
K
⎟⎟ + aK −S
⎟⎟ + aNa−S
⎜⎜1 −
− aK − aCa
− aS ⎜⎜1 −
⎢− aNa
V
V
V
V ⎝ S0 ⎠
V
k
⎝ S0 ⎠
= exp ⎢⎢
k0
⎛
⎞
⎛
⎞⎛
⎞
⎢− E ⎜ 1 − 1 ⎟ + aT −S ⎜1 − S ⎟⎜ 1 − 1 ⎟
⎜
⎟
⎜
⎟
⎜
⎟
⎢⎣ R ⎝ T T0 ⎠
⎝ S0 ⎠⎝ T T0 ⎠

⎛
S ⎞⎤
⎟⎟⎥
⎜⎜1 −
⎝ S0 ⎠ ⎥
⎥
⎥
⎥⎦

(17)
The left side represents the ratio of the observed reactivity to the reactivity of
the fully sulfated, completely poison-free sample. The first four terms in the argument
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of the exponent indicate the single impacts of poisons and sulfation. The next two
terms represent the combined impacts of sulfation and the indicated poisons. The
statistical analysis indicates that the interaction between calcium and sulfation was not
significant, so it is not included. The last two terms represents the impact of
temperature as a single effect and the combined impact of temperature and sulfation.
The statistical analysis indicates that the interactions between poisons and temperature
are not significant. This expression presumes an exponentially decreasing reactivity
with increasing poison to vanadium ratio and an asymptotically increasing
dependence on the extent of sulfation, with S0 representing complete sulfation. The
dimensionless coefficients ai represent the magnitudes of each factor on reactivity.

Table 5.20 Estimates of parameter after removing non-significant variables
Parameter
Intercept
K
Na

Estimate
2.50
-1.16
-0.76

Standard Error
0.023
0.029
0.029

t value
110.11
-40.26
-26.54

Pr > |t|
< 0.0001
< 0.0001
< 0.0001

Ca

-0.30

0.029

-10.51

< 0.0001

SO4

0.17

0.032

5.19

< 0.0001

K × SO4

0.38

0.041

9.29

< 0.0001

Na × SO4
Temp

0.55
0.27

0.041
0.020

13.47
13.09

< 0.0001
< 0.0001

SO4 × Temp

-0.12

0.029

-4.23

< 0.0001

After removing insignificant variables, estimated parameters appear in Table
5.20, correspondingly to Equation 17 appears as
k
Na
Ca
S
k S
Na S ⎞
⎛
− 0.3
+ 0.17
+ 0.38
+ 0.55
⎟
⎜ 2.5 − 1.16 − 0.76
V
V
V
S0
V S0
V S0 ⎟
⎜
k = exp⎜
⎟ (18)
⎛1 1 ⎞
⎛1 1 ⎞
S
⎟
⎜ + 0.27⎜ − ⎟ − 0.12 ⎜ − ⎟
⎜T T ⎟
⎜T T ⎟
⎟
⎜
S
0
0
0
⎝
⎠
⎝
⎠
⎠
⎝
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where, K, Na, Ca, S, and T represent corresponding levels. The negative sign for K,
Na, and Ca indicate poisoning effect of these metals with the strength sequence
followed by K > Na > Ca by comparing the absolute values, consistent with the
experimental results. The presence of sulfur and higher temperature increase the
catalyst activity as indicated by the positive estimated parameters of S and T, which
agrees with experimental data as well. Positive interactions exist between potassium
and sulfur, sodium and sulfur, however, negative interactions exist between sulfur and
temperature.

5.4

Mechanism Interpretation
This investigation systematically compares effects of vanadia, tungsten, sulfate,

and poisons on catalysts surface chemistry including BET surface areas, average pore
diameters, OH group concentration, NO and NH3 adsorption, and NOx reduction
activity. These investigations from lab-prepared catalysts, together with commercial
catalysts, provide insights to SCR reaction mechanisms and rates.
Addition of tungsten, sulfate, and poisons alters insignificantly the surface areas
and average pore diameters of 1 wt % vanadia catalyst. Therefore, catalyst surface
chemistry properties and activity changes when exposed to various contents of
tungsten, sulfate, and poisons are not results of variation of surface areas.
The current results demonstrate that vanadia, tungsten, and sulfate species
increase NO reduction activity, and this increase is associated with the increased
number of Brønsted acid sites as indicated by ammonia adsorption. The change in
activity is not related to (indeed is either inversely correlated or uncorrelated with)
Lewis acid site population, and correlates closely with the Brønsted acid site
concentration. The most specific evidence for this conclusion comes from the strong
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correlation between NO activity and Brønsted-acid ammonia adsorption peak areas
and the lack of correlation with, for example, Lewis-acid peak area. Therefore,
Brønsted acid sites participate much more actively than Lewis acid sites in catalytic
reduction of NO, with observed activity commonly being proportional to Brønsted
acid site concentrations. However, Brønsted acid sites alone do not provide NO
reduction activity, for example, 9%WO3/Ti with abundant Brønsted acid sites shows
zero SCR activity. In this sense, the acid sites themselves are not the active centers
but rather play a supporting role. In addition to increase Brønsted acid site
concentration, vanadia species on titania surfaces provide by far the greatest NOx
reduction activity, although some minor amount of activity occurs on titania surfaces.
Vanadia shows capability to provide a large quantity of Brønsted acid sites on
titania surface as indicated in Table 5.10and Figure 5.25, 5 wt% vanadia catalyst
shows a strong ammonia chemisorption on Brønsted acid sites with a IR peak area of
60.0, while 9% WO3/Ti provides an ammonia adsorption IR peak area of 25.2 on
Brønsted acid sites. On the other hand, vanadia actively oxidizes SO2 to SO3 due to its
redox activity, therefore vanadia content usually remains below 1 wt% for
commercial SCR catalysts to minimize SO2 oxidation (Bartholomew and Farrauto,
2006; Bartholomew, 1997). The literature consistently reports that vanadia appears as
a highly active redox agent in catalysts (Bartholomew and Farrauto, 2006; Liu et al.,
2005; Wachs, 2005; Wachs et al., 1996; Wachs et al., 2005; Wachs and Weckhuysen,
1997; Wang and Wachs, 2004), and data from this investigation agrees that its
function in 1%V2O5-9% WO3/TiO2 is probably as a redox site rather than a Brønsted
acid site. Tungsten and sulfate species, on the other hand, provide most of the
Brønsted acid sites. Individual tungsten and sulfate species react in conjunction with
vanadia species to increase adjacent adsorbed ammonia site concentrations and hence
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observed reactivity. Consequently, a dual-site reaction mechanism appears most likely
for the NOx reduction by ammonia, where a redox site (vanadia sites) function
together with adjacent Brønsted acid sites (tungsten and/or sulfate species) as the
active centers during the SCR reaction cycle.
Thus far, there has been no definite indication about the specific Brønsted acid
sites in the literature (Wachs, 1997), vanadia, tungsten, and sulfate species all being
nominated as candidates. The current investigation indicates that Brønsted acid sites
do not need to associate with a specific type of surface species, so long as the surface
sites can provide Brønsted acid and that all three sites contribute to the surface
concentrations of ammonia. Topsøe et al. (1995) also recommended a dual acid-redox
catalytic cycle for NO reduction. The current investigation conceptually agrees with
most of Topsøe’s dual active sites concepts, and provides more details. Specifically,
many species can provide Brønsted acid sites, with 1 wt%vanadia being among the
least efficient, and the primary function of 1 wt% vanadia is further clarified which is
predominantly a redox site. Given that adsorbed ammonia predominately comes from
non-vanadia sites and that redox appears to happen almost exclusively at vanadia
sites, the reaction center is most likely the interface between vanadia and the catalyst
substrate.
Moreover, our adsorption investigations also suggest the edge between vandia
and titania could be the active center. Vanadia, sulfate, and NO species interact with
surface OH group on titania. Vanadia provides the active sites, and sulfate species
increase the activity. Vanadia and sulfate both suppress NO adsorption on catalyst
surface, and sulfate contents decreases with increasing vanadia concentrations.
Consequently, all of the above three species, NO, V, and S affect the SCR reaction,
and they compete with each other for surface OH sites on TiO2. One explanation for
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the observation is that instead of vanadia species being the active center, the edge
between the vanadia and Brønsted acid sites could be the active center.
A general view based on our investigation invovles strongly adsorbed ammonia
species on a catalyst surface at acid sites, activation at the edge between redox sites
and acid sites, and then reaction with gas phase NO through an Eley-Rideal reaction
mechanism. Figure 5.47 illustrates the details, which is similar to Topsøe’s reaction
mechanism routine (Topsøe et al., 1995). Moreover, the interpretation of this
investigation points out that not only vanadia, as suggested by Topsøe, but also
tungsten and sulfate could provide Brønsted acid sites. Moreover, the synergy
between the oxidation rate on redox site and the transformation rate of adsorbed
ammonia on Brønsted acid sites to the active center seems critical for the SCR
reaction rate.

Figure 5.47 Scheme illustrating the cycle of the SCR reaction over vanadia/titania
catalyst based on mechanism proposed by et al.
(Topsøe et al., 1995).
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Chapter 6. Conclusions and
Recommendations
Vanadia supported on titania material represents the predominant commercial
SCR catalyst applied to reduce NOx with NH3 from boilers burning coal-biomass and
coals. Although SCR of NO is efficient, deactivation of vanadia catalyst represents a
potential major problem in industrial applications, contributing to the cost increase
and applying difficulties. Therefore, a series of activity tests and surface chemistry
investigations, including BET surface area and average pore diameter measurements,
NOx reduction activity estimations, and surface chemical composition analyses on
both commercial and laboratory samples; and ammonia and nitric oxide adsorption
and sulfation on lab-prepared samples, demonstrated the reaction and deactivation
mechanism of vanadia catalyst for coal-biomass and coal-firing boilers.

6.1
1.

Principal Conclusions
Activity investigations on commercial exposed commercial M1and M2 samples
show catalysts deactivate with extended exposure to flue gases from both coal
firing and coal-biomass co-firing boilers. The activity loss of coal exposure
samples differs from that of biomass-exposed samples. Kinetic investigations
combined with surface characterization suggest that fouling/pore plugging
dominates the deactivation mechanism for vanadia catalyst during coal-fired
boilers, while poisoning is significant but not dominant. Poisoning is more
significant during biomass-coal firing.
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2.

Based on NH3-NO coadsorption tests and investigation of tungsten NO
reduction activity, chemisorbed ammonia reacts with gas-phase or weakly
adsorbed nitric oxide on a dual redox-acid active center through an Eley-Rideal
mechanism. Vanadia provides redox sites, and Brønsted acid sites (supplied
mostly by tungsten and sulfate species and less by vanadia species) provide the
primary acid sites. The reduction of nitric oxide with ammonia occurs possibly
at the edge of redox and acid sites, and in any case involves adsorbed ammonia
primarily from adjacent Brønsted acid sites reacting with vanadia.

3.

Alkali metals, potassium (K) and sodium (Na), as well as an alkaline earth metal
calcium (Ca), poison vanadia catalysts, with alkali metals being stronger poisons
than alkaline earth metals. K, Na, and Ca deactivate vanadia catalysts by
neutralizing or displacing Brønsted acid sites, and by decreasing acidity of
Brønsted acid sites. Poison strengths scale with basicities.

4.

Brønsted acid sites correlate strongly with activity, while Lewis acid sites are
uncorrelated or inversely correlated. Brønsted acid sites can form on tungsten,
sulfate sites, and/or vanadia species.

5.

Sulfate species form on catalysts exposed to typical industrial SO2-laden flue
gas. In situ FTIR analyses of sulfation on vanadia catalysts combined with XPS
measurement on sulfated samples indicate that titania, instead of vanadia sites,
interact with suflate species, and vanadia sites (unsulfated) remain as the redox
center. Comparisons of intrinsic kinetic constants of fresh and sulfated 1%
V2O5/TiO2 at temperatures from 524 -564 K, and the sulfation effect on
ammonia adsorption suggest that sulfate species assist vanadia sites catalytically
by providing more Brønsted acid sites.
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6.

Tungsten greatly increases vanadia catalyst NO reduction activity (by about
250% in typical systems), although individual tungsten species possess no
catalytic activity for NOx reduction. This large increase originates from the large
increase in Brønsted acid site population associated with tungsten addition.
Tungsten also significantly mitigates the effects of alkali and alkaline earth
poisoning, though these basic compounds represent potent poisons to even
tungsten-laden catalysts.

6.2

Unique Contributions
The following represent the most unique and original contributions of this work

compared to the existing literature.
1.

Applied results from better controlled lab-scale analysis to fundamentally
explain observations from industrially exposed commercial catalysts. The results
indicate that deactivation of commercially exposed vanadia catalysts is a
combination of channel plugging, pore plugging, masking, and poisoning.
Different mechanisms dominate in deactivation of different catalysts exposed to
the same flue gas at the same time, and the same catalysts exposed to different
flue gas with varying time. None of these mechanisms is insignificant, but the
physical mechanisms are possibly the most severe in coal-based systems.

2.

Conducted First – time ever in situ sulfation investigations on 0-5wt%
V2O5/TiO2 under both dry and wet conditions establish a pronounced role of
sulfur in SCR activity.

3.

Provided evidence that titania largely sulfates during SCR reactions, and
vanadia sulfates to a much lower extent, if at all.
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4.

Illustrated that sulfation increases NOx reduction activity by introducing more
Brønsted acid sites on catalyst surfaces without changing the bond strength
(acidity) of these sites.

5.

Discovered that tungsten possesses no NOx reduction activity but contributes
greatly to the number of Brønsted acid sites and hence the activity of vanadiabased catalysts.

6.

Clarified that vanadia, sulfur, and NO compete for the same surface sites, which
are OH groups on titania.

7.

First –time ever statistically analyzed and concluded that interactions between
some poisons and sulfation and between sulfation and temperature are
significant. Interactions between poisons are generally not significant.

6.3

Recommendations for Future Research
The current investigation examined industrial fresh and exposed commercial

monolith catalyst activities and used a model adapted from the literature to calculate
kinetic constants. This model appears as an apparent but not an intrinsic kinetic
activity calculation due to many simplifications. A more accurate model including
more fundamental descriptions of catalyst properties (surface reactions, effects of
composition gradients in the catalyst (e.g. poisons), multiple pore distribution model,
and radial bulk flow instead of a homogeneous bulk flow) would improve the
scientific interpretation of these data. However, the current model contains the
amount of complexity appropriate for a CFD code.
Sulfation investigations demonstrated (for the first-time ever) in situ FTIR
evidence of sulfation sites on a vanadia catalyst surfaces, and the effect of sulfation
was also thoroughly investigated both spectroscopically and kinetically on post-
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sulfation samples. More meaningful data could arise from in situ situations where the
SO2 gas appears in the reactant gas, which is more representative of conditions
observed in commercial boilers.
The alkali metals potassium (K) and sodium (Na), as well as the alkaline earth
metal calcium (Ca), poison vandia catalysts. The contaminated samples applied in our
poisoning investigation were prepared by an incipient impregnation method.
Deposition of poison metal compounds (chloride or sulfate compound) on to a
catalyst surfaces may better simulate the actual deactivation situations that occur in
industrial SCR reactors.
Oxidation state shifting of vanadium atom during the SCR reaction could be
monitored by in situ Raman spectroscopy. This in situ investigation would provide
oxidation state information for vanadia species during SCR reaction, which should
provide abundant and critical highlights about the vanadia species role/function
during the SCR reaction cycle, for example the redox capability. Moreover, Raman
spectroscopy would reveal the vanadia species catalytic mechanism as well as catalyst
deactivation mechanism in a more direct way.
Calculation of a turn over frequency (TOF) either in apparent or intrinsic
calculations for kinetic investigations would provide more mechanistic information
than traditional kinetics. Calculating TOF requires active metal surface area
measurement. In this case the vanadia surface area would need to be measured, which
could be measured by oxygen chemisorption.
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Appendix A.

REI Slipstream reactor

REI and University of Utah designed and built the slipstream reactor where one
BYU monolith catalyst and 5 commercial catalysts experienced flue gases from coal
fired boilers and biomass-coal co-firing boilers up to 3800-hour of exposure. The
following cited information of this slipstream reactor comes from REI report.
The SCR slipstream reactor was installed in the flue gas duct downstream of the
economizer and upstream of the air preheater. Figure A.1 shows a schematic of the
slipstream SCR reactor. A sampling probe was inserted through an existing port in the
duct wall. The probe extended approximately three feet into the duct and had a 2-ft
long slot, oriented 90 º from the direction of flow in the duct. An isolation valve was
placed on the inlet line just outside the duct wall. This valve was coupled to the
control system, and closed automatically if the flue gas became too cold in order to
prevent condensation in the catalyst units. The reactor exhaust line was connected to
the horizontal duct downstream of the air preheater. Anhydrous ammonia was injected
into the flue gas stream near the entrance to the reactor, and blended with a static
mixer.
A schematic drawing of the SCR slip-stream reactor appears in Figure A.2.
There were six identical chambers. The overall flow through the system was
controlled by a single educator just upstream of the system exhaust. Flow rate through
each catalyst chamber were ensure equally by achieving same pressure drop across
the six catalyst sections (divided by catalyst type), which were adjusted with butterfly
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valves so that the flow velocity per catalyst chamber should be same throughout the
duration of the tests.
Anhydrous ammonia provides the ammonia feed maintained by a mass flow
controller according to the NOx flow rate with a molar ratio of NH3/NOx typically set
at approximately 1.1.

One SCR Inlet
Heated Sample Line

Pneumatic Isolation Valve

Ammonia Injector
Flue Gas
Duct Wall

SCR
Reactor
Six SCR Outlet Heated
Sample Lines to Sequencer

Duct Wall

Flue Gas

Figure A.1 SCR slipstream reactor
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Figure A.2 Schematic of SCR slipstream reactor

The six catalysts, four monolith and two plate, were configured as shown in
Figure A.3.
The four monolith catalysts were installed in four sections each. Each section
had a cross section of 2.25 by 2.25 inches, and was housed in a 48-inch long
aluminum square tube with outer dimensions of 2.5 by 2.5 inches and 1/8” wall
thickness. The overall cross section of each monolith catalyst was 4.5 × 4.5 inches.
The four tubes were bunched together as a square with outer dimensions 5.0 × 5.0
inches.
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Figure A.3 Arrangement of catalysts (plain view)

The plate catalysts were housed in square aluminum tubes with an inside
dimension of 4.75 inches (5.0 inches outside, 1/8” wall thickness). Roughly 20 plates
were placed in the tube, resting in slots along opposite walls. This configuration had
the same outer dimensions as the groupings of monolith catalysts.
The system had seven sampling ports, one before the catalyst chambers and one
after each of the six catalyst sections. The ports themselves consisted of thin tubes
that entered the channel and bent downwards, in line with the gas flow. Each
sampling port was fitted with a stainless steel frit for removal of particles laden in the
sample.
The reactor flue gas intake was attached to boiler at the economizer outlet where
up to 250 scfm of gases could be withdrawn through a probe inserted in an existing
port. The probe was also fitted with a thermocouple for monitoring the temperature of
the flue gas as it exited the economizer. After passing through the reactor, the gases
were exhausted through an existing port at the air hearter exit. The reactor itself was
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approximately 8 feet long, with a 25×30 inch footprint, and weighs approximately
1000lbs. The reactor was insulated and securely fastened.
The reactor operated as follows: when the pneumatic gat valve on the inlet of
the reactor opened, flue gas from the power plant flue gas duct was allowed to enter
the reactor. Upon entering, the nitrogen oxide concentration in the gas stream was
measured using the gas analyzer. Using this information, a mass flow controller
connected to ammonia storage tanks injected a stoichiometrically appropriate amount
of reagent into the stream. From here, the gas entered six catalyst chambers, each with
a different type of catalyst. The flow rate through each of the chambers was controlled
using educators (which create low pressure in the chambers) and associated pressure
control valves, which drove the educators. Feedback for this control came from six
venture flow meters connected to differential pressure transducers. This system
allowed the flow rate through each of the chambers to be controlled independently as
required for different catalyst types and conditions. Since the flow rates through the
catalysts were not independent of one another, an iterative approach was used where
PID was applied to each chamber several times in sequence. This sequence through
the chambers was then repeated to convergence. After leaving the chambers, the gas
was returned to the flue duct.
The temperature of the reactor was closely monitored and controlled using
electric heaters and thermocouple measurements taken at various locations within the
reactor.
Flow gas flowing through the rector was sample to measure oxygen, nitrogen
oxide and carbon dioxide both before and after the catalysts. These data defined the
effectiveness of the chemical reactions in the catalysts. a sootblowing system
minimized ash buildup and maintained catalyst activity.
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Appendix B.

Commercial monolith
catalyst

Five vendor-supplied (Cormetech, Haldor, Topsøe, Hitachi, and Siemens)
commercial catalysts, three of which are monoliths and two of which are plates, and a
BYU prepared monolith (M4) have been exposed to the flue gas in a slipstream
reactor. Those catalysts were analyzed to help characterize the deactivation that
occurs in coal-boiler flue gas over time. Of each catalyst type a fresh, unused sample
is available, a sample that has been exposed for about 2063-hour, and a sample that
has been exposed for 3800-hour are available for examination.
The flow rate capacity of mass flow controllers at BYU laboratory requires
small size of samples, therefore, each monolith and plate catalyst were cut into small
pieces for testing.
A common scroll saw was used to cut sections out of the monolith (M1 and M2)
catalysts. These sections were then sanded down around the sides and on the ends to
yield samples of four channels, in a two by two arrangement (Figure B.1). When
preparing the exposed catalyst samples, some ash was dislodged due to movement
and vibrations caused by the scroll saw and sanding. Care was taken to dislodge as
minimal amount of ash as possible.
All samples taken from catalysts that had been exposed in the slipstream reactor
were taken from the upstream end of the catalyst. M1and M2 pictures appear in
Figure B.2-Figure B.3.
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Figure B.1 Sampling of M1 and M2 catalysts

Figure B.2 M1 monolith
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Figure B.3 M2 monolith
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Appendix C

CCS Overview

The catalyst characterization system (CCS) provides capabilities for long-term
catalyst exposure tests required for ascertaining deactivation rates and mechanisms
and a characterization facility for samples from the slipstream reactor. An overview of
the system is illustrated in Figure C.1. A series of experiments designed to clarify the
kinetics and deactivation mechanisms of commercial (vendor-supplied) and BYUmanufactured SCR catalysts after exposure in coal and biomass effluent provide the
basis of much of our work. This system simulates industrial flows by providing a test
gas with the following nominal composition: NO, 0.1%; NH3, 0.1%; SO2, 0.1%; O2,
2%; H2O, 10%; and He, 87.7%. Both custom and commercial catalysts are tested as
fresh samples and after a variety of laboratory and field exposures under steady
conditions. Undergraduate assistants were largely responsible for the construction of
this laboratory, most notably Aaron Nackos, Kenneth Crowther, Seth Herring, Ben
Severson. Aaron Nackos began the analysis of samples in this laboratory as part of his
MS thesis but later switched topics to a different area. The work was completed under
the direction of the author with the assistance of additional undergraduate assistants.
Figure C.2 illustrates the essential features of this system up to the analytical
train. Helium functions as the carrier gas in this system. There is no indication in any
literature of which we are aware that substitution of helium for nitrogen in any way
alters rates or mechanisms of selective catalytic reduction of NOx on vanadium-based
catalysts.

161

Figure C.1 CCS overview

Figure C.2

Summary Schematic Diagram of the CCS up to (but excluding) the
Analytical Train.
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The CCS is composed of gas cylinders, manifolds, mass flow controllers, water
bubblers, tubing, reaction chambers, a ten-way selector valve, a NH3/SO2 analyzer, a
water condeser, and a NOx analyzer. The components are connected by copper, brass,
stainless steel, polyethylene, and teflon tubing with SwagelockTM fittings. These
components are described in order from upstream to downstream.
The monolith test reactor (MTR) (also used to test plate catalyst samples)
consists of an 8”x 1”x 1” hollow square tube that has flanges on either end. Machined
aluminum inserts that hold pieces of monolith or plate catalysts are inserted in this
square tube and are placed near the center (see Figure C.3). Aluminum inserts are held
into place in the tube by a stainless steel spring. The tube is heated with four platetype heaters on the outside. The feed gas is routed through a ¼” tube that is placed
lengthwise against the outside of one of the heaters in order to preheat the gas.
Product gases exit on the opposite end. The MTR is insulated and placed on a welded
stand, which stands on a bench top. Only one MTR is used at a time, and this uses the
same CCS feed and outlet tubes in which one of the PTR’s can connect.

8”
In
Ceramic plugs
for insulation
and to reduce
dead volume

¼” gap between round
tube and square tube

Plate heater
(x4)

thermocouple
TC

catalyst
Monolith
piece

2.5”

Flow

6”
Aluminum catalyst holder, 2”
long (side view)

0.75” (middle of tube to end
of flange)

Figure C.3 Schematic of Monolith Test Reactor.
163

0.75” (middle of tube to end
of flange)

Figure C.4 Front View of Aluminum Catalyst Holders (displaying a square
honeycomb monolith, a corrugated monolith, and plate catalysts).

Temperature is controlled manually by an external variable AC transformer,
which sends a variable amount of power to the plate heaters. Although an exact
temperature set-point cannot be reached by using this manual-control setup, it was
used because the manufacturer of the plate heaters said that if more than fifty percent
of the outlet power reaches the heaters, they would burn out. The variable AC
transformer allows us to keep outlet power under fifty percent. Temperature is
measured by two thermocouples—one extending inside the MTR chamber just
downstream of the catalyst exit and the other fastened to the outside of the MTR body
between two of the heater plates on one of the corners.
This MTR design is advantageous because it allows for minimal changes to the
existing reactor system, does not require a bulky and high-energy-consuming furnace,
allows for economical gas usage, and provides versatility for this and future
applications since various shapes of aluminum inserts may be used for different
monolithic catalysts.
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Appendix D

Experimental Design

This investigation requires substantial mechanistic and kinetic experimentation.
The intention is to supplement the existing literature by investigation of sulfur-laden
gases using equipments and techniques described below. The effort to understand
vanadia catalyst reaction and deactivation mechanisms in typical coal and coalbiomass co-combustion involves several different types of analytical systems.
Conceptual mechanistic details regarding the active sites, mechanistic role of
substrates and catalyst, and impacts of catalyst contaminants (sulfur and alkali metals)
on reaction pathways are postulated and supported by spectroscopic and activity data.
1. In situ FTIR surface spectroscopic investigations of lab-prepared powder
vanadia catalysts (fresh, sulfated, and contaminated) provide mechanistic
information, such as definite indications of surface-adsorbed species,
distinguishing between Brønsted and Lewis acid sites and among adsorbed
species, active sites, impacts of sulfate and contaminants on catalyst surface
chemistry.
2. MS reactivity investigations on laboratory-prepared powder catalysts within
intrinsic kinetic regime provide global kinetic parameters, such as activity and
activation energy for NOx reduction of fresh, sulfated, and poisoned
laboratory-prepared powder catalysts. Comparisons of results from 1 and 2
determine the extent to which laboratory experiments simulate field behavior.
3. Other surface characterizations provide information such as the effects of
catalyst ingredients, sulfate species, and poisons on BET surface area, pore-
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size distribution, surface elemental compositions and oxidation states by XPS
(x-ray photon spectroscopy), and standard (bulk) analyses that supplement the
reactor data.
4. Activity and surface characterization data results from industrial samples are
compared with laboratory data using both contaminated and fresh catalysts.
There are no literature reports documenting such comparisons.

D.1 Samples
D.1.1 Fresh Samples
a. Four vanadia-based catalysts with total vanadia concentrations of 0, 1, 2, and 5
% (by mass)
b. 1% vanadia – 9% tungsten /titania catalyst.

D.1.2 Contaminated Samples
a. Each of three contaminants (K, Na, and Ca) doped into 1 % V − 9 % W / TiO2
vanadia catalyst. Table D.4 lists the detailed information.
b. K doped 1 % vanadia/titania catalyst

D.1.3 Sulfated Sample
One sample of each of the fresh (0, 2, and 5 % V2O5 / TiO2) and deliberately
contaminated samples (K, Na, and Ca doped 1 % V-9 % W / TiO2) after complete
sulfation of surface.
Laboratory-prepared catalysts were prepared by impregnating titania with
various amounts of vanadia, tungsten, and contaminants (K, Na, and Ca) followed
with drying and calcination. The procedure results in intimate association of catalyst
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and contaminant. All contaminants dissolve in solution in nitrate form but eventually
form oxides.
Details of the experimental equipment and procedure appear in the task
statements below.

D.2

Vanadia Catalyst In Situ Surface Chemistry
Investigation
The purpose of this task is to gain knowledge of surface chemistry of vanadia-

based SCR catalysts with the FTIR in situ spectroscopy reactor (ISSR). The ISSR
provides in situ transmission FTIR spectra of adsorbed SO2, NH3, and NOx, among
other species, a definitive indication of surface-active species through in situ
monitoring of infrared spectra from catalytic surfaces exposed to a variety of
laboratory and field conditions. Adsorption and desorption behaviors of these and
other species change with temperature, catalyst formulation, extent of sulfation, and
gas composition, as quantitatively indicated by changes in the spectral features of the
sample provides identification of: acid sites; interaction pattern between reactant
gases (NH3, NO, and SO2), and surface sites before and after contamination; and the
extent of sulfation on fresh and poisoned SCR catalyst surfaces. These investigations
indicate how catalyst ingredients, sulfation, and poisons impact vanadia catalyst
surface chemistry.
This task includes the following specific activities.

7.D.2.1

Transient Adsorption

NH3 transient adsorption and NO transient adsorption (each 1000 ppm in
helium) at temperatures from 25-380 ˚C proceed by monitoring in situ FTIR spectra
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of adsorbed species on laboratory-prepared catalyst surfaces with various vanadia,
tungsten, sulfate species, and poisons contents. This investigation provides qualitative
and quantitative critical parameters, including Brønsted and Lewis acid site
identification, their relative acidities, and changes of acidities induced by surface
sulfation and poisoning.

D.2.2 Mechanism Investigation
Similar techniques identify the surface active sites (surface titania or vanadia or
sulfated species) for each reactant gas (NH3, NO, SO2) and interacting surface species
(vanadia and sulfate species) to help elucidate SCR reaction mechanisms and
specifically impacts of sulfur and poisons on such mechanisms. Hypotheses are
established and tested with different experiments as shown in follow schemes:

NO Adsorption Site Identification
Possibilities: A: NO adsorbs on titania sites (A)
B: NO adsorbs on vanadia sites. Absorption frequencies observable
in the infrared do not distinguish between the various sites (1, 2, 3,
and 4) on which NO absorbs.
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Figure D.1 Possible NO adsorption sites

Expected experimental outcomes:
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Table D.1 Possible NO adsorption trends
Hypothesis

Observations

A

NO adsorption intensity ↓ as V% ↑

B

NO adsorption intensity ↑ as V% ↑

Sulfate Adsorption Site Identification
Possibilities: A: Sulfate interacts with titania surface
B: Sulfate interacts with vanadia surface
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Figure D.2 Possible SO2 interacting sites

Expected experimental outcomes:

Table D.2 Possible SO2 interaction/adsorption trends
Hypothesis

Observation

A

Sulfate IR adsorption intensity or Sulfur % ↓ as V% ↑

B

Sulfate IR adsorption intensity or Sulfur % ↑ as V% ↑

NH3 Adsorption Sites Identification
Possibilities A: NH3 adsorbs on titania site
B: NH3 adsorbs on vanadia site
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C: NH3 adsorbs on sulfate site (which could be attached to
a vanadia or a titania atom)
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Figure D.3 NH3 possible adsorption sties

Expected experimental outcome

Table D.3 NH3 possible adsorption trends
Hypothesis

Peak (cm-1)

Observation

A

1170

NH3 IR adsorption most intense on pure TiO2

B

1430

NH3 IR adsorption intensity increases as V% increases

C

1430

NH3 IR adsorption intensity increases as S% increases

Identification of active adsorption sites for NO, NH3, and SO2 provides
additional information to SCR reaction and poisoning mechanism.

D.2.3 Surface Sulfation
Surface sulfation represents a critical issue in this investigation since the
practical applications of low-rank coal combustion and coal-biomass co-firing involve
SO2-laden gases. As discussed earlier, literature opinion regarding the impacts of SO2
on SCR surface sulfation differ and the majority of the literature comes to conclusions
different from those indicated by our results. This test uses in situ FTIR spectra
obtained during 24-hour sulfation of each fresh laboratory-prepared catalyst. IR
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spectra of fresh, sulfated vanadia catalyst and vanadyl sulfate indicate with which site
sulfate interacts and where it forms. Subsequent XPS surface chemistry analyses of
both fresh and sulfated vanadia catalysts provide evidence for identifying sulfate
species oxidation state and concentration. In addition, the extent to which each fieldexposed catalyst sulfates is determined.

D.3

NOx Reduction Kinetic Investigation
An NO reduction kinetics investigation conducted in the in situ spectroscopy

reactor (ISSR) provides first-of-their-kind data detailing mechanisms and rates.
FTIR-MS in situ spectroscopy reactor based kinetics (activity at steady state)
investigations compare reactivity of the various SCR catalysts under overall nominal
gas-phase conditions of: 700 ppm NH3, 700ppm NO, 5% O2, and helium with.
Helium rather than nitrogen forms the bulk flow in all experiments for several
reasons, mostly related to attempts to measure N2 as a product of the reactions. All
reactivity measurements in this investigation are based on relatively simple reaction
mechanisms, such as mechanisms assumed to be first order in NO and zero order in
ammonia, water, oxygen, and all other reactants. The details of the assumed
mechanism vary, but in any case the detailed mechanisms exclude elementary or
completely fundamental descriptions as these unrealistically expand the scope of this
work. These tests involve temperatures and catalyst composition relevant to
commercial operation but involve intrinsic kinetic regimes (unlike commercial
operation).
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D.3.1 Statistical Experiment Design
Three aspects of the statistical analyses performed in this investigation are
summarized here: number of replications, experimental design, and determining
parameters from data.
This investigation attempted to eliminate experimental precision and minimize
random errors. Calibration reduces systematic errors in this investigation to below
instrumental detection limits. All analysis gases are NIST-traceable standards and all
flow rates and flow controllers are calibrated using a Gilibrator™ Model TD5 air flow
calibration system, a NIST-certified primary standard. Standard thermocouples
measure temperatures within published limits (typically ± 2 K). These traceable
sources provide gas streams that calibrate gas analyzers in this investigation. All
equipment measurements can be traced to calibrated sources, which should essentially
eliminate systematic errors from these data.
Random errors are minimized largely through data replication and minimization
of measurement uncertainty. Figure D.4 illustrates the logic used to choose sample
replications. The decrease in 95% and 99% confidence intervals normalized by
standard deviations indicates that data become increasingly precise with increased
replication, approximately inversely proportional to the square root of the sample size.
However, benefit of additional data points becomes increasingly small as sample size
increases. Assuming the effort involved in collecting data scales proportional to the
number of replications, a cost-to-benefit ratio (product of the number of data points
and the size of the confidence interval) behaves as illustrated, again for 95% and 99%
confidence levels. The minimum in this curve appears somewhere between 5 and 7
data points, depending on the confidence level chosen. This indicates that precision
most efficiently balances effort with this sample size. Additional considerations
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sometimes determine the sample size, such as resource availability and precision
required to provide statistically meaningful results, but these numbers generally set
target sample sizes in this work in the absence of other compelling considerations.
Precision is further reduced by decreasing the variation in the measurements
through careful materials preparation and experimental execution. Considerable effort

cost:benefit ratio or conf. int/std. dev

went into developing procedures that result in repeatable and consistent data.
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Figure D.4 Dependence of cost (effort):benefit ratio and confidence
interval:standard deviation ratio on number of data points used to
calculate an average value.

Most of the laboratory portion of this work involved seven factors (amounts of
V, W, Na, K, Ca, and S in the catalyst and temperature) and three responses (NO
adsorption, NH3 adsorption, and reaction kinetics). A full factorial design for all these
factors, even if considered at only two levels and only accounting for linear and
correlated impacts, would involve 384 different experimental conditions, each
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requiring typically 7 replications, for a total of 2688 experiments. In practice, both
composition and kinetics must be determined at more than two levels to develop
reliable results since essentially none of these factors has linear impacts on the
responses. Such a set of experiments exceeds substantially the resources available for
this investigation. The approach here uses single factor variation in an exploratory
mode to illustrate overall trends in the mechanistic responses. In addition, a formal
statistically designed experiment based on a fixed catalyst composition typical of
commercial systems helps determine the impacts of poisons and sulfation.
This statistically designed, systematic investigation (Table D.4) determines
effects of poisons and sulfates on catalyst activity as well as interactions among
sulfates and poisons. No previously published investigation clarifies whether
interactions among poisons and sulfates exist, and how important interactions are if
they do exist. Table D.4 summarizes factors and factor levels for the full factorial
design for these four factors at two levels. Three poisons (K, Na, and Ca) and
sulfation represent the four factors in this experimental design. All experiments
involve a 1% vanadia / 9% tungsten on titania catalyst – the most common
commercial formulation. Each factor appears at two levels, either no poison or a
poison-to-vanadium elemental ratio of 0.5 in the case of the poisons and either not
sulfated or fully sulfated catalyst surfaces in the case of sulfation. NOx reduction
activity, as expressed by kinetic rate constant, represents the response.
Table D.4 indicates the full factorial design for this experiment. Theoretical
considerations suggest that there should be little interaction among poisons but
possibly substantial interaction between any given poison and sulfation. A fractional
factorial design derived as a subset of this full design includes all single factor
impacts (Na, K, Ca, and S) and all interactions with sulfur (Na-S, K-S, and Ca-S) but
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not other binary interactions and no higher-order interactions. This reduces the
number of experimental conditions within this design to by half, with numbers 1-4
and 9-12 in Table D.4 used in this experiment, although these are done at several
temperatures each with at least two common temperatures among all experimental
conditions. Seven replicate measurements provide statistically qualified data at each
of the experimental conditions. Additional experiments demonstrate the lack of a
binary interaction between some poisons, justifying the fractional factorial design.

Table D.4

Statistical experimental design of this investigation

Runs

D.4

Composition Factor

Runs

K

Na

Ca

SO4

1

0

0

0

0

2

0.5

0

0

3

0

0.5

4

0

5

Composition Factor
K

Na

SO4

9

0

0

0

1

0

10

0.5

0

0

1

0

0

11

0

0.5

0

1

0

0.5

0

12

0

0

0.5

1

0.5

0.5

0

0

13

0.5

0.5

0

1

6

0.5

0

0.5

0

14

0.5

0

0.5

1

7

0

0.5

0.5

0

15

0

0.5

0.5

1

8

0.5

0.5

0.5

0

16

0.5

0.5

0.5

1

Other Surface Characterization
Investigations
BET surface area and pore size distribution analyses for all samples provide

physical and structural information about the catalysts. A Micromeritics Tri-star
Instrument (Model 3000) using the N2 surface area method provides all data for these
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measurements. The test matrix includes all samples, that is, fresh and exposed
commercial samples, sulfated and non-sulfated laboratory samples, and contaminated
and uncontaminated laboratory samples. Several other surface-sensitive laboratory
diagnostics such as XPS and ESEM (Environmental Scanning Electron Microscopy)
supplement the reactor data collected in our laboratory.
The above experiments involve comparisons of sulfated and non-sulfated
samples of uncontaminated and contaminated laboratory-prepared catalysts with
known amounts and forms of contaminants and catalyst. Uncontaminated SCR
material and at least one sample of the same material contaminated with each poison
provide a database with which to compare commercially exposed materials (discussed
next). This investigation results in a database of FTIR-MS results describing surface
spectra, reactor effluent compositions, and transient concentration profiles for
contaminated and uncontaminated catalysts is completed for both sulfated and nonsulfated catalyst surfaces. The experimental design appears in Table D.5.

Table D.5 Experimental design for sulfation and poison tests of catalyst samples
Samples
Catalyst
TiO2
TiO2
2% V2O5/TiO2
2% V2O5/TiO2
5% V2O5/TiO2
5% V2O5/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2
1% V2O5-9%WO3/TiO2

Characterization

Poisons

Sulfaton

NH3, NO
adsorption
(FTIR)
×
×
×
×
×
×

×
×
×
×
K
K
Na
Na
Ca
Ca

×
×
×
×
×
×
×

×
×
×
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Activity
(MS)

BET

×

×

×

×
×
×

×
×
×
×
×
×
×
×
×

×
×
×
×

XPS
×
×
×
×
×
×

Based on the above designed experiments, the effect of sulfur and poison
addition on vanadia catalyst surface chemistry and kinetics should be acquired to
supplement the existing literature, to help elucidate the mechanism of SCR catalysts
deactivation, and to support developing deactivation modeling in Task 2.
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Appendix E.

Pore and Film Diffusion
Calculation

E.1 Pore Diffusion Limitation
SCR tests on 5 and 2 % V2O5/TiO2 catalysts at 350 ˚C resulted in NO
conversions of about 80% and 72% respectively, which indicates that increasing
vanadia content enhances NO reduction activity. However, at conversions as high as
80 and 72%, pore diffusion resistance could be dominant. For example, the calculated
Thiele modulus (MT) for 5% V2O5/TiO2 is 1.06, substantially exceeding the 0.4 upper
limit for MT customarily accepted for negligible pore diffusion resistance. In addition,
the Weisz modulus (MW) for 5% V2O5/TiO2 is 1.13, exceeding the 0.13 upper limit
for MW customarily accepted for negligible pore diffusion resistance.
MT = L

(n + 1) k '''C n As
2

(E1)

Deff C As

L2 (−r ''' A ) obs
Mw =
Deff C As

(E2)

L = Z/2 for flat plate, Z = thickness
L = r/2 for cylinders, r = radius
L = r/3 for spheres
n = reaction order
Deff = effective diffusivity
CAs = reactant concentration on catalyst surface
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Pore diffusion may influence observed kinetic reaction rates. Operation in
regimes without such influence provides more accurate intrinsic kinetic data in
addition to simplifying the analysis. Therefore, NO reduction experiments used 1%
V2O5/TiO2 at nominally 18% conversion with temperatures of about 250 ˚C and
nominally 30% conversion at temperatures of 300 ˚C. These conditions correspond to
Thiele moduli (MT) of about 0.25 (250 ˚C) and 0.34 (300 ˚C), respectively,
corresponding to effectiveness factors of 0.96 and 0.93, respectively. Therefore, pore
diffusion does not appreciably influence the results at these temperatures with the 1%
vanadia catalyst. Commercial catalysts typically contain about 1% vanadia.
The remaining kinetic tests on vanadia catalysts (fresh, contaminated, and
sulfated) maintained a Thiele modulus (MT) below 0.4 by flow rate and temperature
adjustment prior to kinetic investigations.

E.2 Film Diffusion Limitation
Both theoretical and experimental results show that film diffusion represents a
trivial consideration during SCR tests on 1% V2O5/TiO2 at temperatures up to 350 ˚C
and under the conditions of these experiments.
Film diffusion resistance is determined according to

Kc =

1 − φ ⎛⎜ DAB
φ ⎜⎝ d p

⎞
⎟Sh' (Fogler, 1999)
⎟
⎠

ø = void fraction of packed bed
DAB = gas-phase diffusivity, m2/s
dp = particle diameter, m
Sh’ =Sherwood number
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(E3)

The calculated result indicates that the film resistance accounts for about 0.3%
of the total resistance (combined resistance of film diffusion and kinetic resistance).
Experimentally, film diffusion investigations on SCR catalysts (1% V2O5/TiO2)
involved three different flow rates (93, 121, 187 ml/min), corresponding space
velocities are100,000, 130,000, and 200,000 hour-1. This range of space velocities in
the catalyst provides significant variation in the boundary layer thickness along the
catalyst surface and therefore should result in different conversions if film resistance
plays a significant role in NO reduction. Similar NO conversions (17.6% at 93.3
ml/min, 18% at 121 ml/min, and 17.4% at 187ml/min at 250 ˚C) resulted from each
experiment, consistent with the mathematical expectation of negligible film transport
resistance. The following SCR reactions involved 1% V2O5/TiO2 catalysts with 700
ppm NH3 and NO, 5% O2, helium (balance) and a total flow rate of 187 ml/min at
temperatures ranging from 250 to 300 ˚C, where both film diffusion and pore
diffusion resistance can be neglected. This investigation involved catalyst reacting in
the intrinsic kinetic range. Similar film diffusion resistance determination procedures
were followed for the rest catalyst samples which were also investigated under
intrinsic kinetic regime.
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Appendix F.

Derivation of the Chen
model1

Figure F.1 schematically illustrates a two-dimensional reactor in which a
reactant from the bulk flow is transported to a porous wall containing catalyst. The
dimension in the direction of flow is z and the dimension perpendicular to the low is
x. The origin is taken from the reactor entrance at the center of the porous catalyst. If
we assume Fickian diffusion, that the catalyst is isothermal and homogeneous and that
the surface reaction is first order in reactant, that the flux in the flow direction is
negligible compared to the flux in the direction perpendicular to the flow, and that
bulk diffusion does not influence the conversion rate, then the flux at any point in the
catalyst can be equated to the rate of reaction in the catalyst as follows, where the
dependence of the mole fraction of reactant on both coordinate directions is
emphasized.
cDe

d 2y
= h 2 k a c y ( x, z)
2
dx

(F1)

where c represents gas concentration, De represents the diffusivity of the reactant in
the porous media, and a represents a time-dependent and dimensionless activity
factor, defined as the ratio of the chemical activity in the catalyst at arbitrary time
divided by its initial value. The value of a generally decreases from unity with
chemical deactivation but could exceed unity because of catalyst activity increases
caused, for example, by catalyst sulfation. Extensions of this model to accommodate
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surface fouling, bulk diffusion, and similar impacts will be discussed in the final
report.

x
z

bulk flow
catalyst

YNO

h

Figure F.1

Schematic diagram of a two-dimensional reactor.

This equation can be written in dimensionless form as follows:
d 2 y ' h 2kay '
=
dx'2
De

(F2)

x
h

(F3)

where
x' =

and
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y NO
y ∞NO

y' =

(F4)

are based on the half-thickness of the wall (h) and the bulk mole fraction in the cell
(y∞NO). The boundary conditions are:
y ' x ' = 0 = 1 + Bi −1

dy '
dx'

(F5)

dy '
=0
dx' x ' =1

(F6)

The solution gives the concentration profile within the wall:

eφ ( x ' −2 ) + e −φx '

y' =

1− e

− 2φ

−

φ
Bi

(e

− 2φ

(F7)

)

−1

where

φ2 =

h 2ka
De

(F8)

Bi =

kmh
De

(F9)

and

This equation describes the relative impacts of film mass transfer, pore diffusion
and surface reaction on conversion.
Considering the reactor, the mass balance along the axial direction of the reactor, z,
is:
∞
dy NO
k σ ∞
s
+ m y NO
− y NO
=0
dz
uA

(

)

(F10)

where u is the linear gas velocity in the cell which is assumed to be constant, σ is the
perimeter length of a cell in the monolith and A is the cross-sectional area of a cell.
The boundary condition is:
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∞
y NO

∞,0
= y NO

z =0

(F11)

and the bulk and surface NO concentrations are related by:

φ e −2φ − 1 ⎞
∞
s ⎛
⎜⎜ 1 −
⎟
= y NO
y NO
Bi e − 2φ + 1⎟⎠
⎝

(F12)

The overall conversion, X, of NO in the reactor at axial position L is given by:
NO ,L
∞,0
− y NO
y NO
X=
∞,0
y NO

(F13

Combining these results, the NO conversion is given by:

⎤
⎡
⎥
⎢
⎥
⎢
σL
X = 1 − exp ⎢−
⎥
− 2φ
⎢ uA⎛⎜ 1 − 1 e + 1 ⎞⎟ ⎥
− 2φ
⎜ km
⎢
De ka e − 1 ⎟⎠ ⎥⎦
⎝
⎣

(F14)
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Figure F.2

Comparison of M1 data to Chen’s model prediction
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Figure F.3

Comparison of M2 data to Chen’s model prediction
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Appendix G

In situ IR spectra of 24-hour
sulfation

Dry Sulfation of 2% V2O5/TiO2 and TiO2
In situ IR spectra of the dry sulfated 2% V2O5/TiO2 catalysts include a minor

doublet with the major sulfate-related feature located near 1378 cm-1, shown in Figure
G.1.
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Figure G.1 Time-dependent, in situ FTIR spectra of a 2% vanadium catalyst
exposed to a typical vitiated gas
(see VTOF in Table 5.16for details of experimental conditions).
Ordinate is offset for each time.
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Spectra are offset upward along the ordinate with time for clear comparison.
Sulfate peaks display much larger areas and intensities than those from 5%
V2O5/TiO2, and varied in wave number, 1378 cm-1, during the dry sulfation.
Consequently, sulfation occurs fast on 2% V2O5/TiO2 catalyst as well. The sulfate
peak area on 24 hour dry sulfated 2% V2O5/TiO2 is 29, about 70% larger than the
sulfate peak area (17) of 24 hour dry sulfated 2% V2O5/TiO2
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Figure G.2 Time-dependent, in situ FTIR spectra of a titania exposed to a typical
vitiated gas
(see TiO7 in Table 5.16 for details of experimental conditions).
Ordinate is offset for each time.

Sulfation of pure TiO2 with SO2-laden gas under conditions typical of SCR
operation provides a baseline comparison for experiments involving sulfation of
vanadia catalysts. Different from 2 and 5% V2O5/TiO2, Figure G.2 clearly shows
doublet sulfate peak formation on dry sulfated TiO2, with individual peaks located at
about 1405 cm-1 and about 1375 cm-1. Spectra are offset upward along the ordinate
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with time for clear comparison. The doublet peak intensities increased noticeably with
time, and the peak positions shifted to higher frequencies with increasing time during
the sulfation test, indicating increasing sulfate acidity with time/surface coverage.
Therefore, sulfate species gradually built up on titania surfaces, unlike the fast
saturation of sulfate species on 2 and 5 % V2O5/TiO2. After 24 hours, sulfate peak
area reached 46, larger than the corresponding peak areas of both 5 (17) and 2%
V2O5/TiO2 (29). The peak intensity increases and peak position shifts show no
apparent shifts after 6 hours of sulfation. However, the sulfation continued to 24 hours
to ensure a consistent surface.
Wet Sulfation of 5 and 2% V2O5/TiO2, and TiO2

Similar to dry sulfation, results from a series of twenty-four hour sulfation
experiments on titania, a 2% vanadia on titania catalyst, and a 5% vanadia on titania
catalyst in an SO2-laden, moist environment appear in Figure G.3 through Figure G.5.
Figure G.3 illustrates in situ IR spectra collected during wet sulfation of 5%
V2O5/TiO2. Spectra are offset upward along the ordinate with time for clear
comparison. Similar to the IR spectra from dry sulfated 5% V2O5/TiO2, the sulfate
peak intensities and positions remain the same between the first (1 hour) and the last
(24 hour) data, indicating sulfation rapidly reached saturation on 5% V2O5/TiO2. In
addition, the sulfate peaks appear weaker than the corresponding peaks from dry
sulfated 5% V2O5/TiO2, the area of sulfate peak after 24 hours exposure on the 5%
V2O5/TiO2 is 4, which is much less than the peak area from 24 hour wet sulfated 5%
V2O5/TiO2 (17).
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Figure G.3 Time-dependent, in situ FTIR spectra of a 5% vanadium catalyst
exposed to a typical vitiated gas
(see VTHF in Table 5.16 for details of experimental conditions). Ordinate is offset
for each time.
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Figure G.4 Time-dependent, in situ FTIR spectra of a 2% vanadium catalyst
exposed to a typical vitiated gas
(see VTHG in Table 5.16 for details of experimental conditions). Ordinate is offset
for each time.
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In situ IR spectra of the wet sulfated 2% V2O5/TiO2 catalysts include an obscure

doublet and one major sulfate-related feature located near 1378 cm-1, shown in Figure
G.4. Spectra are offset upward along the ordinate with time for clear comparison.
Sulfate peaks display much larger areas and intensities than those from wet sulfated
5% V2O5/TiO2. The peak positions shifted from 1378 cm-1 at the first hour to 1380cm1

at 24 hours of wet sulfation, indicating minor increase in sulfate acidity with

time/surface coverage. No obvious peak area increase occurred during the wet
sulfation on 2% V2O5/TiO2 after the first hour, thus rapid sulfation also occurs on 2%
V2O5/TiO2, but probably slower than 5% V2O5/TiO2 because of a slight peak position
shift to higher frequencies. The sulfate peak area on 24 hour dry sulfated 2%
V2O5/TiO2 is 19, smaller than the corresponding peak area from 24- hour dry sulfated
2% V2O5/TiO2, but larger than sulfate peak area of 24- hour wet sulfated 5%
V2O5/TiO2.
Sulfation of pure TiO2 with SO2-laden gas under conditions typical of SCR
operation provides a baseline comparison for experiments involving sulfation of
vanadia catalysts. Different from 2 and 5% V2O5/TiO2, Figure G.5 shows obvious
doublet sulfate peaks formed on sulfated TiO2, locate at ~1405 cm-1 and ~1375 cm-1.
Spectra are offset upward along the ordinate with time for comparison. The doublet
peak intensities increased noticeably with time, and the peak positions shifted to
higher frequencies with increasing time during the sulfation test, indicating increasing
sulfate acidity with time/surface coverage. Therefore, similar to dry sulfated TiO2,
sulfate species gradually built up on titania surface, unlike the fast saturation of
sulfate species on 2 and 5 % V2O5/TiO2. After 24 hours, sulfate peak area reached to
41, slightly smaller than the corresponding peak area from dry sulfated TiO2 (46), and
larger than the sulfate peak areas of 24 hour sulfated 5 (4) and 2% V2O5/TiO2 (19).
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Figure G.5

Time-dependent, in situ FTIR spectra of a TiO2 exposed to a typical
vitiated gas
(see TiO5 in Table 5.16 for details of experimental conditions).
Ordinate is offset for each time

Doublet Sulfate Peak from TiO2.

The doublet sulfate IR peak signals appear on sulfated titania samples under
both dry and wet sulfation conditions, and this sulfate peak increases gradually with
time. A doublet peak is also reported in Yang et al.’s work, although their IR peak
around 1380 cm-1 is more intense than the one around 1401 cm-1 (Chen and Yang,
1993). Our results, on the other hand, showed the IR peak around 1401 cm-1 to be
more intense. Moreover, the peak positions shifted to higher frequencies with
increasing time during the sulfation test, indicating increasing sulfate acidity with
time
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